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Foreword 




X recent years, such marvelous advances have Iknmi 
made in the engineering and scientific fields, and 
so rapid has l>een the evolution of mechanic^il and 
constructive processes and methods, that a rlistinct 
need has been created for a series of prarfuud 
icorl'utfj fjtiidifii^ of convenient size and low cost, emlnxlying the 
accumulated results of experience and the most approve^l moilern 
practice along a great variety of lines. To fill this acknowlfHlgnl 
need, is the sfiecial purpose of the series of handlxK>ks to which 
this volume iWlongs. 

C In tl^^ preparation of this series, it has U^n the aim of the piili. 
lishers to lay special stress on the praf!t.u:al side of ea^A suhj<?<rt, 
as distintruished from mere theoretical or aca/lemic AxvA'MVtwam, 
Each volume is written Viy a well-known exjiert of acknowl'f^lgtf^l 
authority in his sjjecial line, and in liaised on a \i\t^\, careful ^tudy 
of practical n^r^Js and up-to-date metho^lis a» dtrvtrlojpi^l nnd*'r the 
conditions of actual practice in the field, the fsbop. the mill, th^r 
fiower honatf. the drafting TfMmi, the engine room, etc. 

C Tljrs«r voiii!ii»-5 are esjjeirially a^lapt^^l for pur\Mfi^t of fe*rlf- 
instnjctio:. '^:A hofne *rtudv. T1j#- utmost care Jiajs \f^tru u>^\ to 
brint; xur- \t*<x\:::^:i\ of each subjr^n within the thu^*- of :,V' "/fUi- 



moil uiiderstaudiug, ao that the work will upj^enl not only to tlie 
teobiiiuilly traiiied expert, but also to the beginner and the self- 
taught practical man who wishes to keep abreast of modern 
progress. The language is simple and clear; heavy technical terms 
and the foniiulie of the higher mathematics have 1>een avoided, 
yet without sacrificing any of the rec|uirenients of practical 
instruction; the arrangement of matter is such as to carry the 
reader along by easy steps to complete mastery of each stib ject ; 
frequent examples for practice are giveu, to enable the R'ader to 
teat his knowledge and make it a pernianent possession; and the 
illustrations are selected with the greatest care to supplement and 
luake clear the references in the text. 

^ The metluMl adopted iu the prejHiratiou of tiiese volumes is that 
which the American School of Correspondence has develojR'd and 
employed so successfully for many years. It is not an exjKuinient, 
but has stood the severest of all tests — that of practical use — which 
lias deinouBtrated it to be the best method yet devised. fur ihe 
education of the busy working man. 

C tor purjMises of ready refeivnw and timely in form at ion when 
ueedt.'ii, it is iK'lieved that this series of handbooks will \n- found to 
meet every iiy|uin'ment. 
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WATER SUPPLY. 

PART I. 



INTRODUCTION. 

1. Historical. The earliest method of artificially obtain ing 
a water supply was by the digging of wells. These were at first men* 
shallow cavities scooped out of the ground in. low places; but it is 
interesting to know that the sinking of deep welLs through nx;k dates 
from a very early pericxl, the Chinese having l)een faniiliar witli such 
work from ver}' early times. Besides wells, other works for wat<.*r- 
supply purposes were constructed by the Ancients, sucrh as reser- 
voirs, cisterns, acjueducts, etc. 

The greatest development of waten^orks ctiastrucrtion in ancient 
times took place during the prasperous [X'ricjd of the Roman Kmpire, 
some of the finest works having beeii built at this tirrHf. To su}>}>ly 
the chief cities of the empire great arjueducts were constnicli'd, 
many miles in length, and there were in sf^me cases several sucli 
aqueducts supplying a single city. Rome was at one tiuR' supplier] 
from fourteen different ar|ueducts SDine of which luul a k*ngtli <4 
40 miles. The first of these was built aUiUt 312 B.r. anrl tlie last 
about 305 a.d. Some of the other cities which were well supplii''l 
with water at this time were Paris aiKl Lvons in France, Metz in 
Germany, and Segovia and Se\ille in .Sjjain. 

The distribution of water in this age was by no means ^rryrral. 
From the aqueducts the water first jiasserJ intrj lar]^e risHrms, and 
from these it was dLstributeil through lea^i pif^es to the fountain^), 
baths and various public buildingb, and u* a few private r:r>nsun«ers. 
The masaes of the people wer»- oblig»-<J to get tfieir ^supply frf,tn 
public fountaifLs. ^^lJile tltc actual anKMint (4 yasOfrr u-s^J by ym'^U: 
consumers was not great tJK* liljerality of the supphr Ujt ff^iiAu- p'jr- 
poses was so prrat that iltt- total cr^Lsumf/ti^^n m'as in mary ^^'^h 
ven* hi^. sr^ir^ ♦-•tiifjat^-s niaking thie ff»n*Mm\A¥>ii tA wat^r lu IUjU^t 
*s high as 300 jrallor** [^r t-aiAxsL dailv. 

After i^j^ fall of liorrje tlje entirf- -ubje^*? 'A n &:>'.• : .fvjw;- v.^- 
nejslwie*! for n.^zr/ <^^r-t -ri«— . ai^i a* '/ne t^<:V K jr*<^ v,i.. v*- i^r*-'. 
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uauiy tiroes by terriV>le pestilences, due to polluted water. In some 
fta-j^es even tlie puqxi.st? for which the ancient acjueducts had bet»n 
buik wa.s forgotten by the inhabiUmts. 

'ITie development of modem waterworks began in Paris and 
liondon as early as the Ijegiiuiing of the 17th centurj', but little 
progress was maile until the application of steam to pumping en- 
gines, first mmle in T>ondon in 1701. Since ISOO the development 
has been ver)' rapid, lx>th in Europe and America. 

The first works in America for the supply of water to towns 
were those of Boston, built in 1052. Machiiierj- was first used for 
pumping water at Bethlehem, Pennsylvania, where the works 
were put into operation in 1754. The first use of the steam 
engine was at Philadelphia in 1800, and in New York steam 
was applied in 1804. The principal development in this countrj- 
has taken place since 1850, alK)ut ninety-eight per cent of all 
existing works having l)een constructed since that time. Nearly 
all towns of 2,000 inhabitants or more now have a public water 
supply, and the construction of works is progn*ssing rapidly in 
many smaller towns and villages. While there is more work yet 
to be done in this direction, the chief work of the future will l)e 
in providing increased supplies for the rapidly growing cities and 
towns of this country, in developing new and l)etter sources of 
supply and in the improvement of the ipiality of the existing sup- 
plies. There is also much opportunity for the engineer in the 
management of waterworks, in the direction of reducing cost of 
operation, prevention of waste and in the improvement ot service in 
manv other ways. 

2. Value and Importance of a Public Water Supply. The 
most important use of a public water supply is that of furnishing 
a suitable water for domestic purposes. For such use the prime 
rcfjiiisite is that the water should Ix* pure. The transmission of 
cirtain (lis<a.s<.s such as chokTa and typhoid fever by polluted water 
is iKiw univ^Tsally recognized, and the value to a city of a pure supply 
whni compared to one fonstantly polluted by sewage can vScarcely 
Im' (»veivMiin;ite(|. 

Aiiotlur lii^flily important function of a water supply is that of 
inrm-Nliiii^f t|,4. nccc^^jnv flnsliini; water for a sanitar\' svstem of 
(lrama;^'<'. '|'|„. ,,,^, j .jiti^fjK torv and economical metho<l vet found 
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for disposing of the organic wastes of a community is by the water- 
carriage system. Such a sewerage system is manifestly of but slight 
value to the public at large without the coexistence of a public water 
supply, as otherwise the nea*ssarv' water for the flushing of closets — 
the most important function of a sc*werage system — can \)e afforded 
by but few. 

Besides furnishing an improved supply from the sanitarj' stand- 
point, a public works may often be made to furnish a water which 
for other reasons will l^e of greatly increased value to the domestic 
consumer; such as a soft water in place of a hard well water, — a 
point of verj' considerable importanc*e to both domestic and c*om- 
mercial users. 

A good water supply is also of great value to the manufacturing 
interests of a town. Many establishments, such as sugar refineries, 
starch factories, cleaning and dyeing houses, chemical works, etc., 
recjuire an abundant water supply, and in some cases water of a 
high degree of purity. The ({uestion of water supply indeed often 
dettTinines the location of factories. I^arge quantities are also ust»d 
for operating elevators, for boiler purposes, and for many other 
uses that mav Ix^ classed as commercial. 

The most important public use of water supply is in extinguish- 
ing firt»s. The economic value of a good fire-protection system is 
directly shown in the reduc*ed rates of insurant which follow its 
introduction or improvement. Instead of distributing a heavy 
fire loss among the people of a community through high rates of 
insurance it is assuredly much better economy to contribute to tlie 
maintenance of a public waterworks, w^hich at the same time pro- 
vides a suitable water for other purposes. To permit of the e.%tal>- 
lishment of a certain class of factories it is absolutely essential that 
an efficient fire protection be furnished. 

Other important public uses of a water supply are in street 
sprinkling and sewer flushing, in furnishing water for public build- 
ings, and for drinking and oniamental fountains. A real value 
exists in the improved apj>earanc(» which may Ik? given a city by the. 
use of water in fountains and for lawns and public parks; and, in<leed, 
;dl th(» Ixnefits accming fn)m a good wat<T supply act indiivctly 
to increase the desirability of a town for many purjKvses and to 
tnhance tlu* value of tlu* projx'rty therein. 
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CONSUnPTION OF WATER. 

3. General Considerations. When a new or enlarged watfl 
supply is niuItT consideration uii-^ of the first questions to be answcre 
is that relating tn the quantity of water which will In; required in 
the near future. The knowledge which is required includes not 
only the average daily quantity which will lie needed, but also the 
monthly, daily, and hourly variation in the rate of consumption. 
In designing certain parts of the works the average eonsumptiou 
for the year is sufficient, hut in certain other parts, such as pumps 
and distributing pipes, we need to know the great«>st rate of i 
sumption for a verj' short perio<I of time. 

There are many influences wliich affect the rate of cousnmptio 
per capita of any given towni or dty. One of these is the actual 
population of the town. Thus in large cities the use of the public 
supply is almost a necessity, while in small towns and ^'illages the 
private supplies may remain in use to a large extent long after the ■ 
introduction of the public water supply. 

The nature of the industries of a town is a large fat-tor in deti'r- 
mining the amount of water used; also tlie wealth and habits of the 
people, and the extent to which water is used for fountains, watering 
of lawns, street sprinkling, and other public purposes. Climate 
ha-s also a very consi<ierable influence, especially as to the amoimt 
used for sprinkling purposes and that which is wasted in winter to 
prevent freezing. It is probable, however, that the most important! 
factors in determining the consumption is the degree of care taken 1 
to detect leakage or waste, and the fact as to whether the water ii9 
sold by measure or otherwise. Good quality, abimdant ijuantity, 
and, high pressure tend to increase the consumption by encouraging 
a more liberal use and often, at the same time, greater wastefulne.ts. 

4. Tlie Average Daily Consumption Per Capita. In Table 
No. 1 are given die rales of consumption per ca])ita for several .Ameri- 
can cities and towns in 1895. 

It will be noted from Table No. 1 that a grtat variation oxistsil 
in the rate of consumption in different cities and diat die consump' j 
tion in .some of the cities is very high. For c xainple, it is 271 gallonaj 
in Buffalo, New York, and 247 gallons in \lleghenv Pennsylvania; 1 
It will also Ik- noted from a cinnpari.sori of Tables No. 1 and 2 thatV 
the consumption is. on the average, much Ic-hs in European than iB'l 
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TABLE L 
Consumption of Water in American Cities and Towns. 

^,ij.. r«)l>ula!lon. Daily cniisinnptlon 

^"^' MMI. l>.'riiiliahltiUil. IWift. 

New York :i,VM:2(y2 KM) 

( 'hioa^o 1 .()9S,r)7r) \:i\) 

Phihiddphia 1,29.S,*>97 1()2^ 

Brooklyn S9 

St. Louis .57r),23K <)H 

Boston o60,S92 1(K) 

(Cincinnati 325,902 135 

San Francisc(» 342,782 ()3 

Cleveland 381 .7()S 142 

Buffalo 352,387 271 

Xcw Orleans 287.104 35 

Washington 278,718 200 

Montreal 83 

Detroit 285,704 152 

Milwaukee 285.315 101 

Toronto) 100 

Minnea{>olis 202,718 88 

Louisville 204.731 97 

Rochester ir>2.0()s 71 

St. Paul H)3,(M)5 (50 

Providence 1 75,597 57 

Indianapolis 1()9,H)4 74 

Allegheny 129,89r» 247 

Columbus 125,5fiO 127 

Worcester 1 18,421 (iO 

Toledo 131,822 70 

Lowell 94,909 82 

Xiushville 80,805 139 

Fall Hiver 104,803 35 

Atlanta .S9,872 42 

Memphis 102.195 100 

In Table Xo. 2 are fjjiven the rates of eon.siimption for .st»veral 

European citie.s. 

TABLE 2. 

Consumption of Water in European Cities. 

,,,. Kstiinat«*<l Daily cniisiinint Ion 

^^' IKipiiljillon. INT e:iplt:mailoiis. 

London 5.700.(K)0 42 

Manch.->t«r 819.093 40 

Liverixxil 790.(KM) 34 

Birmingham 080,140 28 

Bradfiird 430.200 31 

Leeds 420,(KK) 43 

Sheffield \\o,(HH) 21 

BerUn 1.427,2(K) IS 

Breslau 330.(XK) 20 

O.logne 281 ,7(K) 34 

Dn^len 270.5(K) 21 

Paris 2.500.(KK) 53 

Mars«ille< 40«>.9I9 202 

Lvons 401 ,930 31 

Nliphv, ISl ,5(H) 53 

Kom.- 437,119 201 

Flr»n-nrr. 192.rKM» 21 

V«ni«.- l.HO.UlO 11 

Znri.l: SO.OOO t'A) 
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AiiuTican cities. Roth of these viiriatioiis mv duv hirnvW ro tlio 
variation in practicv in the nse of nietiTs to nteasure tlie water nsed 
and to ehar^ aeeordin^ly. In some Anieriean <ities nietiTs an* <|nite 
generally usvil, and withont exception the eonsuniption of water in 
those places is eoniparatively low. Meters art* also generally nst^d 
in pAiropean eiti€\s with the resnlts a.s indicated in the table. It is 
tnie, however, that then* is a greater general nst* of water for pro]H»r 
pnrposes in this c*ountry than in foreign countries. 

5. Consumption of Water for Different Purposes. In 
studying the subject of the consumption of water it is desirable to con- 
sider the different uses of water under the following heads: (1) 
Domestic use; (2) Commercial use; (3) Public use; (4) Loss and waste. 

(1) Domestic Uae. Statistics collected from many sources 
where the supply has l)een actually measured by meter show that the 
amount of water used for domestic pur]X)ses will vary fn)m about 
15 to 40 gallons per capita; usually from 20 to 30 gallons. Where 
the supply is not metered, but is paid for according to the numln^r 
and kind of fixtures in use, or the numlK*r of rooms in the houM\ the 
consumption may l)e several times the alM)ve figures. It has been 
known in some cases to go as high as 175 and 200 gallons j^er capita. 
Fnder these conditions it is difficult to predict what the consumption 
will l^. 

(2) Commercial Vac. I'nder this head are included all uses 
for mechanical, tra<le, and manufacturing puiposes. Large users 
of water for such purposes are office buiklings and stores, hot( Is, 
factories, elevators, railroads, breweries, sugar refineries, and a few 
other industries. In large* cities the use* for commercial purposes is 
likelv to Ik* more than in small cities. Various statistics show a con- 
sumption for thes(* purposes of 10 to 40 gallons j>er capita. The* 
nature of the industries will determine very largely this item. 

(3) Public Use, This includes the water used for schools and 
other public buildings, stre(*t sprinkling, water troughs and fountains, 
sewer flushing and the flushing of water mains, fire extinguishment, 
an<l a few other occasional uses. Water for such purpost*s is seldom 
measured, but the amount is not likelv to excised on th(* averatre a 
few gallons j)er capita, although the rate of consumption is far from 
l)eing uniform. The water us(*d for street-sprinkling purposes is 
likely to Ik* cjuitc* a larg(* proportion of the total, as much as 10 gal- 
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Ions |x*r capita l)eing used in some plaa\s. The average* is, however, 
not more than one or two gallons per capita. P\)r fire purposes the 
total consumption is relatively small, but during fires the rate of con- 
sumption is very high for a short time. The total consumption for 
public purposes may l>e estimated from 3 to 10 gallons per capita. 

(4) Loss of Water. The chief cause of waste is bad plumbing 
and carelessness on the part of the private consumer, but this source 
of waste has alreadv l)een mentioned under the first item. There is in 
addition considerable waste due to leakage of mains and reservoirs and 
minor uses of water, not included under the foregoing. It is estimated 
that at least 15 gallons per capita should be allowed for this item. 

From the foregoing analysis it may be concluded that a reason- 
able estimate of the consumption of water where meters are largely 
used will be alx)ut 40 gallons as a minimum and 120 gallons as a 
maximum ; 75 or 80 gallons may \ye taken as a fair allowance under 
average conditions. Where meters are not used extensively the 
statistics in Table No. 1 show that 200 gallons per capita would not 
\ye an excessive figure, but it is impossible under such circumstances 
to make a very close estimate. 

6. Variations In Consum|itlon. The foregoing sections have 
discussed only the average consumption throughout the year. There 
will now be considered the variations which occur in the consumption 
from time to time. 

Monthly Varmiions, In nearly all cases the rate of consumption 
reaches a maximum in the summer owing to the use of water for 
street and lawn sprinkling. This high rate usually extends over 
two or three months. A secondary maximum often occurs in the 
winter, due to the waste of water to prevent freezing, but the use of 
meters will largely prevent excessive variations from this cause. In 
extrt»me ciises, however, the winter consumption may be very high. 
The monthly variations in consumption for several places are illus- 
trated by the data given in Table No. 3. 

From the table it may be concluded that the maximum monthly 
rate will seldom exceed 125 per cent of the average, it being in fact 
much l>elow this figure for most places represented. Excessive con- 
sumption is likely to continue for two or three consecutive months, 
averaging for this longer period a rate of 110 to 115 per cent of the 
yearly average. 
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Ihillij i'ariulimiii. The riiiixiiiiniii diiily rate is usually fslimated 
iir iilMiiit I.V) |MT (-cur of flu- iivcntp'. In 'I'aMi' Xo. Z vt-n- t-oiLsid- 
I'l'iiiilc <liff('r<-ii<''-!4 iin' li> Ik' iiiilfil ill rtu- rutins for different places. 
llic^K- U'iiiK fMU.icd \>y n viiricty "f (finditiims, s(nne accidental and 
.■Millie I'lthHluiit. 

TABLE 3. 

riaxlmum rionthly and Dally Ratios Expressed as Percentages 

of AveraKC Consumption. 
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The luuxiuiiim daily rate will usually iMiiir in the month of 
ini)\iinuni (niusiiuipliun, and a rale tim.sidi-ralily aliove the avera^ 
fur ihe nuiiith will m-tiir for several iimsivulive days. Thus where 
the nm.viinuui daily n>nsuni|>tion is ITill \Kt wm of tlie uveni}^, the 
niaxiiunui wivkly eon.siini|)tioii is likely lo W froiu 1-W per (x*nt to 
im )iev tvni of the averap-. Imt for lonp-r perioils of lime the rate 
will approaeli the inoutldy uiaxiuuim. 

( >ri't<iiiri/ llimrli/ iarUtllKim. If tlieiv wen- no w:isle or leak- 
age, the eonsuiuptiiHi dnriu^ several lionrs of the nij;ht would be 
ahutut nolliin^ and the eonsuiupiion during s<-veml hunrs of the day 
wtinld U- two or llirw times die averai?- for the iwenty-fonr hour^. 
It is a taet, however, that the rate of ix-nsumption at tii^-ht is u.-jnally 
Hs nmeli as t">(t jht ivnt of the itventin-. and duriui: the hours of maxi- 
mtnu rtiusumption it is not ofteu uioiv than one and a half times the 
awrtt)p\ \\'heri' waste i> ean'full> ^>«•^ent^^l. and the omsnniption 
thrrrfon^ low. the variation during the tweuty-four hours will l* 
rvUliwI^v i;i>'«tei than when- the wa.'te is j.'reat and (he total <-oa- 
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sumption great. Fig. 1 .sliows tj'pical curves rcprcsciitiiij; tlif hourly 
variation in conHuniption throughout tlif day. 'I'lif curw for Now 
York ilhistrati'.<i what occurs in a city when' wa-stc is fairly large, 
while tliat for Des Moines represents a c'ase where consumption 
is small and the waste largely prevented. The average daily eon- 
sumption per capita for New York was 100 gallons and for Des 
Moines 43 gallons. 




Fig. I, Typical CurvM 



Consumption for Large Fires. The consumption for large fire.t 
must l>e consi<lered in a<ldition to the rates given alxive, 'ITie maxi- 
mum rate of fire consumption in gallons per capita [kt day for a town 

UHK) 
or city of average character m!iy U" taken c<|iiaJ to , where x — 

population in thousands. This i.s ba.scd on Mr. KiiichHng'.s estimate 
of the rerjuired mimlxT of fire stn-ams. 

If, for example, the average consimiptiiin i.s 100 gallon.s jxt 
capita, then tne fire rate in per cent of the average will U* as follows 
for different siz*- cities: 



LIITKI.. 
.=i.oriri.. 



atic. "hru avrruK' 
Miiiali I'MicalloDH 

UKH)tKTrcnt. 



lO.IXKI 

.W.IKK) 

100.000 

aXt.lMKI 

soo.fjno 

■iOO.OIXt 

For other values of the dailv t 



isumption the [M'rcentages would 
vary ac-cordingly, l>eing greater for smaller consumptions. In the case 
of small cities the fire rate is e\-idenily the principal factor to t>e c<»n- 
ndereil; in large cities it is of much le.s.s relative importance. The 
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/|iir,ifi''n ftf fl»/ n\tit\f mU' of fin- ffMi-Niiiiiptioii iiiav In- Mveral h»)iir>; 
ti h;f tfttu * .»irri;if#*l f>v VvvvuMxu at al)oiit >\\ lioiirs as a maxiiTiiiin. 

t 

I hf Ctftiihinnl Mn.r'nniiw Ihnirhj llatr. In ohtaiiiiu^' tin* total 
rrMKirrMirn rMf^ of ronsiiinptioii at tiiiirs of (in*.s it i> not n€»c*e.ssarv 
\h M-t'.iiFri<- lfi»if »i ^rrnt fin* will (M'cnr coincident with the maximum 
ii'^' f/ff /flhci |Mir|Hisi's. In fact, at times of gR*at firt\s the ust* of 
v^'Hl^r f/»r many |Hir|NiHeH would he interruj>te<l. ¥or average* eondi- 
Hon-; die following may Im* taken as a reasonahle allowance: 

(f dfi' iiveni^e daily rate is KM) \wv ctMit, then the maximum daily 
Mile r*|uid*« IhO |mm- cent, and ad<linf; 20 jht cent for increased ccm- 
•ifMM|ftion duiiM^ day ^ives a t(»tal of ISO jkt (vnt. To this the fire 
rffM<inm|fl)oh Mhoidd Im« addiMl liy the use* of the fonnula of the pre- 

Mfllll|( |fMIMf(IM|ill. 

/'iiOM/i/i If llie averap* daily ctinsuuiption of a city of 20,(XX) 
hiliid»lhinli etjuah SO gallons |M»r capita, what will Ih» the approxi- 
iiHilt- MiMshinihi iali» of cons\nnption ^a"^ for the day of greattvst c»on- 
•lUMipOMM, MMtJ ill), al (la* t»ccurn*niv i»f a lai^* Hit*? I 

I'ltiMi Ihe ^lMe^oin^ di'«cUHsiiUi the ma\im\nu iiaily cxmsumption 
UHM !•♦• I'llhhided at Sti XM jht ivnt TJl^ irallons jx»r capita. 

I'hMM d»i' alu»\e eMtiiuate the rate for onlinarv us** mav l>e taken 

* • 

id l'*0 \\\\ u-hl of St»rjdloux or Si^ ^ tSi^ 111 srallous. The fire 

WsW *M ^;tdlou^ |HM v{HMt;i The total rate is therefore 

\\\ *M ^HV ^\id)\M\H |v\ w^pit;^ jvr :M !\our^. 

• Mi^^wlh \\\ Vim^ \ »H\vvx^v\ r^-^vt^^r iv, ;iv.\ estimate of 
INs^^S^^' MNh»\s\\\pu\M\ <H \\\\\\ wK t\uuiv ivjn/^'^t^v^" rS :^:e v^t 5:Txn\-th 
\\\ \\\\\\\\\\\ \\\\v^. \^ y\\\y\\\\\>^\ \.\\\sK\^^ K;; o* av\ v "v x :^ :: :> likelv 

n\v \\^^^^ H A\\\\ \\w Sm-^s \\wy^\y \*v vs^A* ..".V''-**- :\- "^.r? , : ^r..^w^h. 
^N\\< >v<^SAA^K \SM\x^\*-^> x\w^v^>\v A '.*'.x x\\><- .< \^:v .,i:: ':v ".atie 
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The growth from ISSO to l-SUO was 2,420, Hjiial to \i) jkt (rut, 
and from ISIH) to 19(K) it was o,7.'>(), Hpial to al)ont 10 ]ht (tMit of the 
population in ISOO. Thrse (l<i:un's show a strady growth, and it 
mav 1k' assumed that for the next decade the ;j:rowth will 1k» about the 
same, say 4S per cent. Then, 4S |kt e(»nt of 11,400 = r),472, and 
the estimated population in 1010 -^ 11,4(K) : 5,472 -= 10,S72. 

The population for 1020 may 1h» estimate<l in the same way, but 
the result will be much more uneertain than for 1010. 

SOURCES OF SUPPLY. 

8. Classification. The sources of water supply may be 
divided into the following classes, according to the general source and 
the meth(Kl of collc^ction : 

A. Surface waters: 

1 . Rain water collected from roots, etc. 

2. Water from rivers. 

f 3. Water from natural lakes. 

4. Water collected in impounding rt\ser\'oirs. 

B. Cirounrl waters: 

o. Water from springs. 

(). Water from shallow wells. 

7. Water from deep and artesian wells. 

5. Water from horizontal galleries. 

Each of the alK)V(» sources except the first and last is at present furnish- 
ing many cities in thelnited States with a mon* or less sat isfactorj' water. 
The following table gives the numl)i*r of waterworks in 1806 
obtaining their supply from the various sources indicated. 



Northoa-strTii Sttitc-^. . . 
Southeastern States . , 
North Central States . 

Western States 

Total 



Surf:nH 


<; round 


Total. 


WIit^T'i. 


wai«T«i. 




<)lo 


oil 


1 ,2:w 


1 1:^ 


180 


:u() 


VXi 


409 


71 o 


:i2fi 


(My2 


1 ,m:i 


1 ,2.S() 


1 ,K22 


3.:^.70 



SURFACE WATER SUPPLIES. 

9. Rainfall is the s^nirce of all water supply, whether it 
be caught as it flows over the surface or is Hrst allowetl to jx?rcolate 
into the ground to furnish water for wells and sj>rings. The amount 
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nf miiifiill is cxpn'.HM'd in inrlirs of drpth n|M>ii a horizontal surface, 
Mitrnfiill Iniii^ ii'diiitMl to its (H|iiivalrnt amount of rainfall. With 
llu' cHilihurv rain ^au^* it is iuipracticahlr to ilotermine rates of 
rainfall for .short |M*rt(Hl.s of tinu\ thr nnx^nls usually obtained from 
tho.iA* K'^H|;i'.s Immuk niert'lv the total amounts of rainfall for each 
twenty-four luairs. l«\ir esttnuitin^ IUkmI volumes fmm small areas, 
ht)wevt»r, it is in)|M)rtant \n know the rate of rainfall for much shorter 
l^eriods thhn i»ne tiav. For this pur|K>s** sc^lf-reconling gauges are 
esiii'utial, that is, khu^vs whieh give a ixtntinuous reitml of the rainfall 
or a n»iH)nl taken at sueh short intervals as to Ik* for all practical pur- 
|)oses cHUitiiuituis, N'arious forms have Ikvu ilevistnl, some weighing 
the water, othiTs remmitng hy vt>lunu\ 

Itainfull statistics for a large numU^r of stations can now be 
ivatlilv ohtained fnun the monthly n*|H>rts of the Weather Bureau, 
'llie data of im|>ortanee in txu\ntvtion with water-supply questions 
ttiv the mean yearly ratnfulL the deviatitm fnmi this in dn* vears, the 
monthly rainfall, and linallv the nmximum depth of rain falling in a 
single day or les^. 

lo. Merni Annual RaintelL TIh^ nu^an annual rainfall for 
a numU'r of Nations in the I'uittHl Slates is shown in Table Xo. 4. 
The table al.M> gives the ratio of the niinfall in the driest year, covered 
by \\w stalislies, to the a^erai^^ 

Tlie maximum rainfall i> along a namnv Kit of the North 
IWitie i^va>l, wheix' it i>^n>i\leniblv e\i\x>U t'4^ ineln^^. Towanls the 
interior tl>e anumnt rapidb fall> otT, and Ivtw^vn tin* Sierras and the 
luH'kv MonntaiuN it ran4^*s fnm\ T* tv^ IT* imlnv^ Kast irf ihe Rockies 
lWr\^ i> a gradual imiva.x* easiwarvl aiul >^Knhwarv5 to a niaximum 
ak^i>a: tin* ^'^il' ^^^ '^'^^ ineln >, auvl !rv^:u 4i^ tv^ V i:K'h^^ on the Atlantic 
v\vi>i. l^* liibW aU» >1k*w> ihiit in tht* drk^st vear^ the raiufall is in 
UNvs; i^lavvs o!iK :»<^ k^ t*«^> |vr ivsu v>t tht* av^ rai^^ In iho tvniral and 
We>:ert'. S;a:v> tin- variiition is i:r\'aier ilian iu the Kastem Siau^ 

I'be v.x^r.:h.v vM>:r»>-.::iv»:i of :he rainfall is K>t grvai raxponanci? 

':.:: s/ a .>r>.:: ■«:•.- "^/-j^:!:*^ 'v* '^k- uv-lLiatx^v. or waurr tor jvwvr pcr^\sr> 

... -ft -•••■•» » 

,• .'..- -V ^.•. •. . .•: j'VKy- i.rr -UL" tjL.-'.v^i: iv. irx* >;.:r-ir.wr nxKiths. 

X -*-.■■ •<-..> -J,- . • - .^i'\i: J. vj-jL-V/.v -Lv; .^: ^va^*r aix: evatK^raix^ii is 

^.•■•. •■ * ** 

—,--,. ^ r • . ."*.»: •x-.JT .\'^ >.. ^ wv • .-,i» ^Aiv^ .o tzar >*.r>:JL^-ii>. ik i> 

the -viz^.r jj«.' ^zr^r.J: ^L:'.\y '*•■:-■.•-■•' v.: ->t Urjjfly bv re&vl upoc ft> £11 

nj'iry j-".'t.i 7. "j:.* '^-^ ■•-'*" r^.^^-'-'-i »'a5er to it5 DortEad iev^i 
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TABLE 4, 
General Rainfall Statistics for the United States. 



Mean yearly Per cent rainfall, 

Station. rainfall, driest year to 

Inches. mean rainfall. 

IV)ston 4,5.4 60 

New York 44 .7 iV2 

Philadelphia 42.3 70 

Charleston 49. 1 48 

Jacksonville 54 . 1 74 

Shreveport 48.2 ()7 

Mobile ()2.0 r>8 

New Orleans ()0.3 64 

Vicksburg 52.7 70 

LouisviUe 47.2 : . 74 

Cairo / 42.6 .-. 62 

ancinnati 42. 1 60 

(leveland 36.6 71 

Marquette 32.3 69 

(Chicago 34 .0 66 

Milwaukee 31.0 66 

St. Ix)uia 40.8 55 • 

St. Paul 28.2 53 

Ouluth 30.7 65 

Omaha 31.4 57 

North Platte 18.1 56 

Denver 14.3 59 

Salt Lake City 18.8 55 

Spokane 18.6 73 

Santa Fe 14.6 53 

Yuma 2.8 25 

San I)ie«o 9.7 30 

Los Angeles 17.2 33 

San Francisco 23 . 4 51 

Portland 46.2 67 



11. naximum Rates of Rainfall. In estimating the maxi- 
mum flood discharges of small streams — a matter of very great im- 
portance in the design of dams and reser\'oir embankments — it is 
desirable to know the maximum rates of rainfall for periwls of a few 
hours or a single day. Great rainstorms occur but rarely, but in 
hvdraulic works where a failure would mean not only the destruc- 
tion of property but often a great loss of life, it is necessary to pro- 
vide against the greatest floo<l ever likely to occur. Accurate data 
of such flo<Kls must Ik* based on manv years of ob.st»r\'ation, but 
extraordinan' rainfalls are likelv to occur almost anywhere, and it 
may lie as.sumed that what has happened in one locality may hap- 
|)en at any placi* in the .same rt»gion. Examiiuition of the data c*on- 
tained in the Ignited States Weather Bureau Uej>orts shows that in 
the Northern and Central States a rainfall at the rate of 4 inches for 
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mil* liiiiH iiMil S inrlir^ for 1*1 liouis rrjMi'Miits the gn»atest rain likely 

Id fif'i'iii ; ill (lie Sniilli Atlniitir inul (Milf States these figures should 

In- hImhH I iii(-hr*i for niit* hour i\iu\ 10 iiu*hes for 24 hours. 

Thill e\rri'»iM* raiiifallN an* of MifhiMent extent to cover areas of 

.'iiirh -li/e n.i an* ohhnaril\ rouMilen'tl in water-siipply problems is 

ihnwii h\ ihi* 'tliiliNfiiN of »;ix'{it >tonu>. In OctolnT, 1809, a great 

Mliiiiii ornirh'il ill (hi' t UNlern part of tht* I'nittHl States, with its maxi- 

iiiiiiii iiilni^ilN ill t 'ohiirrfitii!. A i aix'ful analysis of the records 

liiiMir l»\ Ml .liiliM". n I'laiu i-- shtiNXx the art*a> covered by different 

ill'plh-t ol lilili lo huxe Ihh^ii ;»^ follow n 

|»i |iO( «>l i.iiii Arra oovtTtHl. 

II ih« Ih \ii \\\. ,^ -M.t^il Miuan* miles. 

, '^fi^C •• ** 

II I 0<fi " 

III M*» 

II 



• I 



The lolloNMiu; iwv M»»iu \»i i!i. • uu,iu.:*:'. r»i:e> i»b>eniHl in this 
•loiiii 



» \S^ • . 


fc 


1 • 


« 


^ S\« 


' \ 


. I V 




S NK' 


;«.* 


S 1 I 


\ 



■ >. 



now or srRi:\MS. 

\i \\\w\\ .\ >v'\a!«' - . "vv s\' v s .i-.\': ix ,; Mv;-*,^ ot Water 

'^uppK . ih\' |VMtii.ou'v'> s' .^ \m\ V ,iV',:i:::n. and 

\v»i.4l lU^w tov \a'K^i-. js ,\- , .- 1 '\ .i A . '.' .^ ' X -^-^ rhinir> to 
U' \ivuMuuiu\i r*»x UK\^ uv a-v .ix \\v IN c ■■■'-: • ■ "W't :«eth^xl 

^^\\'» >v\s"al \Na'-» '»:•!. \\''s.\ ^.< .^. -^N .A ,'. •■ V '\i\. ^r whtTv 

Uk'\ ,4lV \V\ '■•>» Av- "» v\lv". .X .■*\xv .. .X *» '. *.x •*•»;' 'v^" "llLSl 

ki»o\\M '.i\ ■,^ 'U' . vx« \ -x "t. V- • --x"-: -:t:--.:all. 

vUiiuitv. i . ''\ ^ » ..' . ... .. . X . K '« • • * -^r^.'^"^evi<- 
t V . . ... 

p\*i' IVi.! \': ■\ ^^^ • .^ * • • •■ . ^t I f 'i ■'•'• .>*:< 

!4CV^i* ll<*V^ :■^ •'.*' 1 \v v^ .X , \ ■ I ^.vx x .. ' ;, »i • . ■ '« -X'^ in 
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shed, and the rate of flow in cubic feet per second, or cubic feet per 
second per square mile. The foot and second units are also con- 
venient to use in all hydraulic formulas, but in matters pertaining to 
storage and distribution the gallon unit is in common use, and rates 
are expressed in gallons per minute and gallons per twenty-four 
hours. 

For convenience in computations relative to rainfall and flow of 
streams, the following table is inserted : 

TABLE 5. 

Volumes and Rates of Flow in Feet and Seconds Corresponding 
to Given Volumes and Rates of Rainfall in Inches and Hours. 



_ — - . 










. - — — 


Depth in 


Cubic feet per 
square mile. 

232,320 


Inches per 


Cubic feet per 
second per 


I Inches -per 


Cubic feet per 
second per 


inches. 


hour. 


square mile. 


1 24 hours. 

1 


square mile. 


0.1 


1 


64.5 


26.9 


0.2 ; 


164,040 


0.2 


129.0 


2 


53.8 


0.3 ' 


090.960 


0.3 


193.5 


1 3 


80.7 


0.4 


929.280 


0.4 


258.1 


4 


107.5 


0.5 1 


1.161.600 


0.5 


322.6 


5 


134.4 


0.0 ' 


1,393,920 


0.6 


387.1 


6 


161.3 


0.7 


1,626,240 


0.7 


451.7 


7 


188.2 


O.S 


1,858,560 j 


0.8 


516.2 


8 


215.1 


0.0 


2,090,880 ' 


0.9 


580.7 


9 


242.0 


1.0 


2,323,2(K) 


1.0 


645.3 


10 


268 . 9 



One inch of rain = 2,323,200 cu. ft. per t^q. mile. 

One inch per hour = 645.33 cu. ft. per sec. per sq. mile. 

One inch per 24 hours = 26.89 cu. ft. per sec. per .s(i. mile. 
One cubic foot = 7.4805 U. S. gallons. 

One cubic foot per sec. = 646,300 gallons per day. 

The question of the flow of streams naturally divides itself into 
three parts: 

First, the minimum flow of the stream. 

Second, the maximum or flood flow. 

ThinI, variations in the flow through successive months and 
years. 

The first information is necessarv in case a stream is under con- 
sideration for which hut Httle storage is obtainable, or in answer to 
the (jucstiou whether it is practicable to draw directly fn)m the stream 
without .storage. The second is of grt*at importance in the design 
and execution of all river work, and esjK^cially in determining the 
size of wa.ste weirs. The third determines the supplying capacity 
of the watershed and the size of impounding reservoirs. 
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EXAMPLES FOR PRACTICE. 

1 . If a rain is falling at tho rate of t inch per hour, how many 
cu. ft. per see. will this amount to over an area of 10 sq. mi. ? 3,226 
cu. ft. per sec. Ans. 

2. If 1 inch of water is collected from an area of 20 sc|. mi,, 
how many days will this supply a town of lo.OCK) inhabitants using 
100 gallons per capita daily ? 

The total amount of water collected = 2,323,200 X 20 = 46,- 
464,000 cu. ft.::^ 347,500,000 gal. This will la^t 231 days. Ans. 

13. The Dry-Weather Flow. The drj'-weather flow of 
streams is maintained entirely from ground and surface storage; and 
as facilities for such storage vary in different watersheds, so will the 
minimum flow var^^ 

In Table No. G are given the minimum flows of several streams 
in different localities. It will be seen that the minimum varies greatly 
with the size of the stream and localitv, and that streams of several 
hundred square miles of drainage area may have a minimum of 
zero. 

TABLE 6. 

Minimum and flaximum Flow of Streams. 



Stream. 



I'lat'e. 



Merrimack. 
Connecticut 
Nashua . . . 
Sudbury . . . 



Cheniunfi; 

Croton West Br. 

Delaware 

Pequannoek . . . 



New England. 

Lawrence 

Hartford 

Massachusetts . 
Ma8sachusett.s. 

Nnv York. 
Elmira 



Xetr Jvrs(i/. 
Stockton . . . . 



Perkionien .. 
South Fork . 

Potoniac . . . 



Rock 

Des Phiines 



Pennsylvaniii. 

Frederick 

f Dam in Creole . 

( Township 

Morula nd. 

Cumberland . . . . 

Illin/>is. 

Hockford 

liiverside 



•V* S3 



1,599 

10,234 

109 

78 

2,055 
20.37 

0,790 
-IS 

152 
•IS.(; 

i:m\\ 

G,5(K) 
030 



6 4, »- 

Bz^.B 
2 



0.31 
0.51 

. 030 



0.010 
0.17 

0.39 



O.OIS 

0.0158 




$ St 51 

Ba% 

2 = 5; e 

a a a: G 



20 . 87 
20 . 27 
104.5 
44.2 

07 . 1 
54.43 

37.5 
115 
34 . 9 



215 
131 



21.4 
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14. Flood Flow. The maximum rate at which the wati*rs 
from, great storms will pass down a stream is affected largely by the 
steepness of the slopes, by the size and shape of the drainage area, 
and by the distribution of the branches. Small arc»as will have larger 
maximum rates of flow than large areas, other things l)i»ing ecjual, as 
the former are affected by short rainfalls of high rates, while in the 
latter case the maximum flows are caused by rains of longer duration 
but of less intensity. For a like reason streams with steep slojXfs will 
have a higher maximum rate than those with flat slopes. 

Of great im|X)rtance in distributing the run-off over a long inter- 
val of time, and so reducing the maximum rate, is the surface storage; 
of natural lakes and ponds and of those created by the inundation of 
large flats bordering the stream. The effect of this last faclor may 
be sufficient to reduce the flood flow to one-half or one-fourth that of 
a stream with a narrow valley. 

In Table No. 6 great variation in the maximum flow is ob.serv- 
able, due partly to the varying rates of rainfall, but largely to tlie 
different characteristics of the streams. Various formula.s have lieen 
proposed for expressing the maximum flow of a stream, some involv- 
ing only the rainfall and area, while others attempt to take account 
also of the slope and shape of the wa^rshed. 

Among the most widely known of this class of formulas is that 
given by Fanning and recommended by him as applicable to average 
New England and Middle-State basins. It is 

in which Q = discharge in cubic feet per .second f>er .srjuare mile and 
M = area in scjuare miles. It gives results prolmbly sr>mewhat U)tf 
low for small areas. 

Example. \Miat will Ije the flood flow aceonling U^ foniiula 
ItofiB, drainage area of 10 square miles? 

20f) 
Tlie flow will er^ual ^7 — 1.% cu. ft. per sec. per at^. riii. 
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TABLE 7. 
Statistics of the Yearly Flow off Streams. 

Av^r»»r'- vrurly flow. Dry rrar di>w. 

<tw^^rt .\r-;i .IraiT.-^: _ Fl'-w. per _ , Flow, per 

>tnran. ^^i^r- n.:.^. ^R^J^ c-eni <?f ,«»»»■ cent i?f 

m.te*. rainfall. Intbes. rainfalL 

(Whitiiat* l^v^r 47 IPS 43.2 31.20 31.3 

(to mi :«^ •» 4s :is M\rs :iS.52 37.8 

Grnf-sff 1 .<•••«» :5^» vj 32.5 31 .OO 21 .5 

PfTkioiiHii l'»2 47 '.t*^ 4*4.2 3s. 67 40.4 

Potomac- n.iM3 4.*,. 47 o2.7 37.03 39.2 

Savannah 7.2!M I** 41 4n.*> 43.10 37.7 

Ippfr .Mi.^-L->ipi>i 3,2t».-, 2»i..->7 1^.4 22,St\ 7.1 

15. Annual Discharge. Tahlt- 7 pves .some statistics of 
the annual flow of stn-ains a.s (n»niparv«l to rainfall. It will l)e seen 
that in the dn' years the jx»reentairt* ninnint: off is much less than in 
the average year. From these data an<l other statistics it is estimated 
that for a strt»am of avera^* conditions east nf the Mi.ssoiiri and 
Mississippi Rivers the jK*rcenta*rt* of rainfall flowing off for different 

annual rainfalls is alxiut as follows: 

Haiiifall. inrhcs. Prr r»iit nnmifiK off. 
20 J.*! t«i :{.') 

30 31) tM in 

40 3.*) m 4."i 

50 40 l<» 50 

* 

In the naturt* of the problem there is a wide variation in per- 
centagi' due to variations in the (i>nditions of the watershed, climate, 
etc. Whatever tends to pnnnote evaporation from the watershed 
decreasi's the run-off. Thus a watersheil with a large |)ercentage in 
ijnuss will vield a less amount than one with rockv and barren hill- 
sides; one with a largi' jH'rctMitagt* of water surfact\ less than one with 
a small |KTcentagi». Again, the higher the temjK*rature the greater 
the evaporation and the less tlu* stn^am How. Steep, rocky hillsides 
will give a large per ceut of the rainfall to the streams, but the flow 
will Im' very irregular; flat grass lands will give little or nothing to 
the stn»anis during the season of gn)Wth. All these things must l>e 
considered in estimating the flow of a sti*eam from rainfall data and 
from statistii's of th" (low of othrr striNuns. 

Examplrs. Ivslimate the How of a sti*eam during dry years 
wheii' the average annual rainfall is known to Im' 10 inches. 

'^riie rainfall for a verv drv year niav Im* taken from Table Xo. 
at stty (K) |M*r cent of the nverage or 10 • .(»() 2\ in. For a rain- 
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fall of this amount the per cent running off will probably be l)etween 
25 and 35. If this is an average watershed we may put it at about 
32 i)er cent. The run-off will then be estimated at 24 X .32 = 7.7 
inches. 

Note. The wide variation in percentage indicates that such 
estimates as this are very uncertain. Actual stream measurements 
are the only safe guide. 

2. How much water can probably be collected in a dry year 
from an average watershed where the rainfall in very dry years is 
30 inches? 

By the estimates of section 15 it is probable that at least 33 per 
cent will run off or can be caught in a reser\'oir. This amounts to 
30 X .33 = 9.9 inches. 

By Table No. 5 this amounts in gallons per sq. mi. to 9.9 X 
2,323,200 y 7.48 = 172.000,000 gallons. 

16. rionthly Variation In Stream Flow. During dry years 
very little water can he collected from summer rains. Dept»ndence 
must l)e had on winter snows and spring rains for filling storage 
reservoirs and nearly all the yearly su{)ply will l)e caught in the months 
from December to May inclusive. During average seasons a large 
proportion of the stream flow occurs in the summer months. Gener- 
ally about three-fourths of the yearly flow occurs in the months from 
December to May and only one-fourth from June to Noveml>er, 
whereas in very dry years the summer flow may be considered as 
practically nothing. 

17. Quality of Surface Waters. Surface water supplies 
are drawn from two general sources — rivers and lakes. River sup- 
plies may l)e divided into those obtained directly fmm large rivers and 
those obtained from imjwunding the flow of small streams in reser- 
voirs. The (juality of surface waters may be considered with refer- 
ence to: (1) appearance, (2) mineral content, (3) the presence of 
disease-producing organisms. 

(I) '^^le ap|x*arance of a water is affected by the pn\sence of 
clay and nd in susj)ensi()n, n»ndering the water turbid, and by cer- 
tain vegetal)le niat(Tial giving the water a distinct color. Turbidity 
varies according to the nature of a watershed. While a turbid water 
is very objectionable for household use it cannot 1k» said to Im* actually 
dangt^rous. Turbidity is n»moved by allowing the water to rt\st in 



22 WATKU SUPPI.Y 

W, (icncral l-orm of the Water Table, riulir tlit* uctiou 

of ^r;i\itv flir Mirfaci' of llic groiintl water always tends to Ix^cuiik' a 
|iv<l .■»iirfac<*, and as lon^ as a supply is maintained thn>ugh |K*rcoIa- 
fion flien* will Im» a continual downward and lateral flow which wiU 
on the «veraj;e Im' e<|ual to the jKTcolation. In surface streams a 
M'ry li|^ht inelination is suflieient to cause* a rapid movement of 
wafer, hut in the gn>un<l the n'sistance to movement is so great that 
a -ifii'p ^rmlient is necessarj' to maintain even a verj' low velocity. 

If we imagine the ground to Ix' throughout of uniform porosity, 
the ground-water surfac(» will conform in gc»neral outline to the ground 
HurtiuVf hut with less variations. Such an ideal condition is repre- 
m'UU'tl in Fig. 2. At the nuirgin of strc»ams as at A and B the level 




l''\U 2. Ri'ltitloii of (Irouiid Wator to Surface Wjit«T. 

of groiinri and surface waters will coincide. Passing hack from the 
htream the ground-water level will gradually ris(», but at a less rate 
than the grf)Und surface, then descrnd again into another depression, 
etc In the valley there is also a fall parallel to the stream, correspond- 
ing to that of the surface water, and the diri*ction of flow will \ye to- 
wards and slightly down the stream in the line of greatest slojx*. 

\'a nations in ground-water level take place comparatively 
slowly, folli)wing gra<lually the variations in yearly, seasonal, and 
hriefer |K'ri<Mls of rainfall. Near "treams and in lowlands the level 
vane, little, Iwing fixed largely hy the level of the adjacent surface 
water. At higher points in the water table the level is subject to 
er»rnvspondingly great lluctuations, often many feet in extent. In 
porous nijiterial when' s1o|H's are small the variations are small. 

20. I^irosity of Soils. All soils and rocks near the surface 
of the < jirth are capable of absorbing mort* or less water. In sand of 
:i r.iirly imiforni siz<* the porous space is commonly from 35 to 40 
per ci'wi of the eiitin' vohiine. Mixed sand and gravel will have a 
>m;illrr percentage of voids, the decrease^ depending on the variation 
in si/e of particles, but it will s(»l(lom 1m» 1(\ss than 2o |)er cent. Rocks 
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will vary in porosity from a very small fraction of 1 per cent in the 
case of some granit(\s to 25 or even 30 per cent for some loose tex- 
tured sandstones. 

The amount of moisture wliich a soil or rock will absorb is, how- 
ever, not of so much importance to the water-works engineer as is the 
carrying capacity and the amount which can readily be drawn from 
such material when previously saturated. In fine soils the movement 
of the w^ater is so slow and such a large part of the water is retained 
by capillary action that such soils are of little value as carriers of 
water; and to obtain economically the large quantities required for 
public supplies it is necessary that the water-bearing material be of a 
very open, porous character. Adequate supplies are rarely obtained 
from anything but sand and gravel deposits, or from very porous 
rock. The most favorable formations for furnishing large quantities 
of water, are the various sandstones, conglomerates, and gravel 
deposits. Sandstones are found which vary in texture from a very 
compact rock having a very small degree of porosity to a material 
almost as porous as sand. Uncemented sands and gravels are of 
course the most favorable as regards porosity, but they are apt to be 
rather limited irf extent. 

21. The Flow of Ground Water. It has been explained in 
the previous section that the water in the ground has in general a slow 
rate of flow through the ground. Where a supply of ground water 
of considerable amount is to be obtained this rate of flow is of much 
importance. To get w ater from a ground-water ** stream " is exactly 
similar to the taking of water from a surface stream; in both cases 
the flow of water in the stream must be at least equal to the proposed 
draught or the supply will be inadequate. The notion is quite com- 
mon that in many places the water in the ground is inexhaustible. 
This is an entirely mistaken idea as is well illustrated by the gradual 
failure of many ground- water supplies. 

Ground w^ater in large quantities is usually obtained either from 
large gravel deposits of comparatively small depth, forming broad 
underground streams, or from extensive deposits of porous rock like 
sandstone, the latter source being tapped by deep wells many of 
which are the well known "artesian'' wells. In the case of a gravel 
deposit near the surface it is often possible to estimate the quantity of 
water actually flowing through a given section of the deposit. 
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The l)e.st niotlKKl of estimating capacity of a grouml-watiT source 
is by means of actual pumping tests carricMl on for a sufficient length 
of time to bring about an approximate state of e(|uilibrium l)etwet»n 
the supply and the demand which will \h} shown when the level of the 
water in the trial well ceases to lower. It will rart4y lie practicable 
to continue such tests until perfect e(|uilibrium is n*ached, for in 
many Citses s(»veral years of ojKTation would Ix* n*C|uire<l to deter- 
mine the ultimate capacity of a source. Pumping tests of short 
duration an* apt to \\e very deci»ptive, as the ground water may exist 
in the form of a large basin or res(»rvoir with very little movement, 
corresponding to a surface jwnd with small watershed, and brief 
tests would give but little more information than similar tests on a 
pond. 

Where it can l)e done it is very desirable to get an approximate 
idea of the amount of water actually flowing j)er unit of time through 
the an»a in ((uestion. 

To do this we must estimate the velocitv of flow, the cross-sec- 
tion of the iK>rous stratum containing the water, and the percentage 
of porous space. 

The rate of flow^ of ground water strt^ams is very small compared 
to that of surface* streams. It de{H»nds on the slope of inclination 
of the gn)und and u|)on the size of the grains of sand or gravel through 
which it passes. The following table shows alK)ut what the veloci- 
ties an* lik(*ly to Ik* for various slojx*s and conditions of soil. 

TABLE 8. 
Velocities of Flow of Ground Water in Feet Per Day. 

, , Sl(>iMM)f j;rounii. 

Material. , V . n . 

f«*<*t piT mile. 





10 

0.2" 

1.5 

1.0 

20-10 


20 

0. 1 
W . 
S.O 

■lO-.SO 


:^o 

o.r, 
i.r, 

12.0 
(>(>-120 


40 

o.s 

0.0 
1().0 

so 1(>0 


50 

1.0 
7.5 
20. 

l(K)-200 


100 


Fine Sand 

Medium Sand . . . . i 

('«>ar.«* Sancl 

Kino (Jravel, free i 
from sand . . . i 


2.0 

, 15. 

1 ^^• 
200-400 



The velocity of flow having lH*en determined it remains to 
estimate the actual quantity of water flowing through a given ter- 
ritory. Of the total volume of a ImkIv <>f '*<and or gravel, the water 
will occupy only alwut 25 to 30 |x»r cent. The actual volume of 
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water, then*fc)rt», which will jniss thixnif^h a given section will Ik» only 

2r> or 30 |)er cent of the amount wert* it solid water. If v = velocity 

of flow in feet per day, A — art»a of cross-section of the porous bed 

at right angles to the direction of flow, then assuming a porosity of 

25 per cent or }th, the actual volume of flow per day will \>e in cubic 
feet 

Q = i rA (2) 

Thus suppose we have a porous l3e<l of coarse sand in which 

the water is 10 feet deep, the bed is 500 feet wide and slopes 20 feet 

per mile. The velocity of flow by Table 8 may l)e taken at about 

8 feet per day. The cross-section A = 10 X 500 = 5,0(X) square 

feet. Hence the volume of flow wHIl be approximately } X 8 X 

5,000 = 10,000 cubic feet per day, or about 75,000 gallons. This 

l)eing the total rate of flow through the sand it is evidently the greatest 

amount of water that could be extracted from this sand deposit by 

means of any system of wells or other devices. To give the al)ove 

results the bed must l^e of considerable length and the water in it 

must l)e about the same depth throughout and have the same slope 
as the surface*. 

SPRINGS. 

22. Formation of Springs. Springs are formed where, for 
any reason, the ground water is caused to overflow upon the surface. 
The conditions causing their formation are varied and should be 
carefully studied in connection with the design of collecting-works, 
as upon them depend largely such questions as the constancy of flow, 
the possibility of increasing the yield by suitable works, and the 
probable success of a search for additional springs. According to 
differences in these conditions springs may \re divided into three 
general classes, each of which will l^e discussed separatt^ly. 

First Class, The most important class of springs is that in 
which the water, in its lateral movement, is brought to the surface 
at the outcrop of a porous stratum where it is underlain by a rela- 
tively impervious one. Fig. 3 represents such conditions, the ground 
water escaping at the outcrop of the imper\'ious material thus forming 
a spring. The porous stratum may Ik* sand or gravel, or a porous 
rock; while the im|)ervious layer is usually clay, or rock of an argil- 
laceous character. 
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Then* are many cases of larjji* sprin/xs of this elass, tli(» supplies 
for some of the hirfijest cities of Europe Ikmu^ obtained from such 
sounrs. The city of Vienna is supplied from sprin<(s (iO miles distant 
that occur at the outcn)p of a fractured dolomitic hmestime underlaid 
by slate. The largest spring, the KaistM-bnumen, has an average 
flow of alnuit 150 gallons j>er sc»cond, varying from 00 to about 250. 

Smnul Chss. Under this cla.ss are considered those springs 
where the water-bearing stratum is covered to a greater or less extent 
by an impervious one, and which are therefore more or less artesian 
in character. In this case the water finds its wav to the surface 




Fijf. 3. Formation of Springs. 

where the overlying impervious material is bn)ken, or through a 
fault, or it breaks through at places where it is not sufficiently strong 
or (*ompact to resist the upwanl prt\ssur(». 

In some cases springs of this character are fed by water com- 
ing long distanws through extensive formations which at other 
points offer conditions favorable for artesian wells. Conditions of 
this sort give rise to the peculiar phenomenon of large* fresh water 
springs which boil up in the ocean several miles out from the Florida 
coast, and it is supposed that the great springs in northern Florida 
are from a similar cause. 

Third Clujts, The third class of springs an* mere overflows 
of the ground w^ater, and o(»cur whenever the carrj'ing capacity of 
the porous material is insufficient to convey the entire tributary 
flow. Such conditions also give rise to marshy places at the foot 
of hills and even on side hills. 
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23. The Yield of Springs. 'I'lic vicM of any particular 
sprii)*; ran ivadily he (Ictmninctl hy \vt*ir nicasim*nK*nts, and if these* 
are earned onl through a |K»ri<)d of <lrou<;ht they will pve all needed 
infonnation n»garding the supplying eapaeity of the existing spring. 

Springs of the first class will var\' in yield with the variations 
in ground- water level an<l, theivfoR^ will vary with the rainfall, 
but will not wholly cease to flow if tin* water is intercepted hy suitable 
constructions. 

Springs of the s(»cond class an* a[)t to Ik* much less affected by 
variations in rainfall than either the first or the third class. 

Where a spring of this class exists, investigation may show that 
the ground-water stream from which it is fed is of considerable sizx* 
and that the water of the spring is but a small portion of the entire 
flow. In such a cast^ the yield may Ix* increased by simply enlarging 
the opening, or by sinking wells and pumping then^from, as in the 
case of an ordinary' ground-water supply. 

Springs of the third class are liable to ver}' great fluctuations, 
the flow often ci*asing entir(*ly. 

ARTESIAN WATER. 

24. General Conditions. Whenever a water-l)earing stra- 
tum dips l)elow a relatively impervious one the former lx*comes in 
a sense a clost*d conduit or pilK*, and if the flow out of this conduit 
at the lower end l)e im|x*ded from any cause, the water will accu- 
mulate and exert more or less pr(*ssure figainst the imjx*r\'ious cover. 
The amount of this preshure will dejx*nd on the extent to which the 
flow" is obstructed and on the elevation of the upper end of the conduit, 
that is, of the outcrop of the porous stratum. If a well l)e sunk 
through this im|x^mous stratum at any {X)int, the water will rise 
in it in accordance with the pressun*; and if the surface topography 
and pressure an* favorable, the water may rise to the surface, or con- 
si<lerablv alK)ve, in which case* the well lx*comes a true artesian, or 
flowing, well. 

Fig. 4 shows an ideal con(Htion for artesian or flowing wells. 
If A B is a porous stratum outcropping at A and B and covered by 
an impervious stratum of clay or imjK*r\ious rock, water entering 
at A could escajx? at the lower end B, but at intermediate points 
would exert a pn*ssure on the (*overing. If the resistance to flow 
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wrp niiiforfii. :ini| no water (tniM t-M-ajM' rxciept at B, tlit* ilt'f-n^a.se 
i»l' lirail from A to |( would Ik- iinif(»riii. tir in otlitT wonis tlir IivilraiibV 
;:r;u\r line v.oiilil Ik* a >lrai^'lit lint' A B. WaUT \voii|<I ri.>e to thi> 
linr in a tnU- Nimk to tlir |)on»us >tratiini. ami a flowing well would 
Ik- [>o>-il»|r \\|irii-\i r till- >urfa(i' of tlif ^umd lies Inflow this line. 
Artnal rorHlition> may Ik- nuich n)fNliKe<i fn>ni those nM>resented 
in V'vj:. I, a> wlit-n- tlit' watrr is prevtnteil fn>m flon^nntr out at B bv 
l<•a^on of an irnn'as<<l d«-n>ity of tht- stratum or hv the stratum 
iH-r-omin^r iljinrMT. Tlir cirect in causing the water to exert an 
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Upward i>n--.^nrr i>, liowrvrr, tlir same. The water-l)earin^ stratum 
i mot ot'tin a |Kirons >andstone, although artesian water is also 
olwairM(l fn>m limotoiH- and in many places fn)m extensJw strata 
of lori^^- unci-mcntcd material. 

Til*- ovirlyini; im|H-rvioi!- >trata usually consist of clavs and 
-.li;d<--. flic '- Im in^' practi<ally im|XTvious ex(vpt where fissured. 
Piohahly '.r,rnc Icaka^^c alway> takes phut* thnm^h such strata; and 
many in tanri-; arc known of lar^rc sprin<;s which occur at points 
wlirn- tli< ov(rlyin<^' stratum is hrokcn as nott^l in the preceding 
' f tion. M\(< pt in the eas<' of very limited areas, the capacity of 
an jirfe ian ourer a> a whole is a fjucstion of little inijx)rtance where 
if i fo Im- II ed only tor water->npply purposes in towns widely sepa- 
r,)f'd; for fh'- total amount of water capable of In'ing drawn from 
po;f,ij jo^l. fiata. oft( n hundreds of feet thick and having an out- 
' I'.p of liiindr('N ov thon>ands of scjuarc miles, is onlinarily ver\' 
'jit .it ;i roinp;ired fo any po»il)le demands for such purposes. But 
■■'M ■ ;iL (o f;i|. an aite-ian stratum must not Ih' phurd t(X> close 
fo;.Mi,< ; »! r \\\i \ v. Ill interfere with one another and the yield per 

v.'ll ■ ill \n r«-diie«'d. 

2S. Predictions Conccrnin}2^ Artesian Wells. The (piestion 

f»i th' *■ :'\ ■uiic*- of uater-l)earin<; strata at any jM)int, their char- 
a' i« : -iiid depth, and the location of outcrops, is a geological one; 
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and where full information on this point has not Ixjen gained by the 
sinking of wells, or by borings, a geologist familiar with the region 
in question should l)e consulted. Much money has often been wavSted 
in fruitless attempts to obtain water in areas and at depths where 
none could \ye expected, and fre(|uently such work has l>ecn carried 
on contrary to the advice of experts. 

In the construction of wells it is important to preserve samples 
of the lK)rings, as it is largely through these that a knowledge of the 
geolog}' of the region is acquired. Chemical analyses of the w^ater 
are also a valuable aid in i<lentifying strata. 

QUALITY OF GROUND WATER SUPPLIES. 

26. The quality of ground waters is, in general, quite different 
from that of surface waters. By percolating through the ground, 
practically all suspended matter is filtered out, and ground waters 
are usually clear and sparkling. At the same time this very filtra-/ 
tion process causes the water to dissolve more of mineral substances, 
and the result is that ground waters usually contain much more 
mineral matter than surface w-aters. In a limestone country the 
ground water will \ye hard, tis it will contain lime, and where the soil 
contains alkali the water will be changed with it. Water that con- 
tains little beside lime is not espc»cially objectionable for drinking 
purposes, but for most other purposes it is more or less expensive 
and troublesome. An alkali water may Ije (juite unusable. 

As regards disease organisms a ground water is likely to l)e 
cjuite free on account of the filtering action of the soil. In the case 
of private wells, often located near outhouses, pollution is much 
more likely to occur than in public supplies where any source of 
pollution must Ik* quite remote. 

"^nie temperature, (xlor and taste of ground waters are generally 
much mort* satisfactorv than of surface waters, (iround waters 
constitute a most valuable sour«» of supply for small cities and 
towns, and where such a supply can 1k' had it shouhl almost always 
lx» chosen in prefeivnce to a surface water. 

CONSTRUCTION OF WORKS. 

Before passing on to the details of waterworks construction it 
will Ih» of assistance to obtain a general view of the subject, and to 
that end we will here briefly outline the various general features 
which f^o to make up a waterworks system. 
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27. Classification. The various constructive features of a 
water supply system may 1h' divided into three groups — works for 
the collection of water; works for the convevance and distribution 
of water; works for the purification of water. 

28. Works for the Collection of Water. These are 
divided according to the nature of the source into: (A) Works for 
taking w'ater from largt* streams or natural lakes; (B) Works for the 
collection of ground water; (C) Works for the collection of water 
from small streams hy means of impounding reserv^oirs. 

(A). Works for taking water fn)m larg(» streams or lakes vary 
in character from a simple cast-iron pipe extending a short distance 
from shore, to the ex}>ensive tunnels and crihs of some of the large 
cities on the (ii-eat Lakes. The location of these works is deter- 
mined very largely with res])ect to the (juality of the water obtainable. 
Wherever, as is often the casi% it is desired to draw a supply from 
a lake which at the same time n^ceives sewage from the city, the 
question is one involving difficulties. 

(li). Works for the collection of ground water consist of various 
forms of shallow wells, artesian wells, filter galleries, etc. The 
location of works of this class is determined, primarily, by the loca- 
tion of the water-hearing strata. If these are extensive, it will usually 
Ik» convenient and economical to place the wells at relatively low 
el(»vations in order that the water may readily 1h» reached by pumps, 
or jKM'haps in order that a flowing well may be s^^'U-red. In the 
case of shallow wells the location is often afVecttMl by the jK>ssibility 
of local contamination, an element nsuallv absent in the cjise of 

« 

deep wells. 

(('). Water collected in impounding reservoirs from streams 
of comparatively small watersheds de|HMids for its good ({uality 
chiefly upon the scarcity of ])o])ulation upon the watershed. Suitable 
airas are thei*efore more likely to be found in the more rugged parts 
of the countrv and at tlu* hi;;her elevations, and nsuallv at c(»nsiderable 
distances, sometimes a.s great,, as .">() or 7'> miles, from the {>opulation 
to 1h» s<'rved. The location of such impounding i*es<M*voirs is also 
largelv (K'pendent n])on <jnestions of eonstrnetion, such a.s the loca- 
tion of the dam, length Jind cost of at|Ue<luet or eondnit, and, what 
is of gi*eat economic im])ortance, whether the water can be c<Miveyed 
and distril)Ute<l entirelv or partlv bv gravitv. 
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29. Works for the Distribution of Water. These in- 
clude aqueducts and conduits for conveying water from a distant 
source, pumps and pumping stations, local reservoirs for equalizing 
the flow or for storage, and the pipes for distributing to the con- 
sumers. Conduits may be open channels, masonry conduits, or 
pressure conduits, such as pipes of wood, iron, or steel, and some- 
times tunnels. The form is determined chiefly by considerations of 
cost. Pumps are used in a great variety of forms and situations, 
and may be operated by steam, gas, electricity, wind, or by hydraulic 
power. There are deep-well pumps for drawing water from depths 
not reached by suction, low-lift pumps for raising water from a river 
into settling basins or on to filters, or from wells into a low reservoir; 
and high-lift pumps for forcing the main supply into the distributing 
pipes or into an elevated distributing reservoir. Local reservoirs 
are used for receiving water from long conduits and regulating the 
flow in the distributing system, for equalizing the flow and pressure 
in pumping systems, and as settling reservoirs. The pipe system 
includes distributing mains, fire hydrants, service pipes, shut-off 
valves, regulating valves, etc. 

30. Works for the Purification of Water. These vary 
in kind according to the nature of the impurities to be removed. 
Thus in the case of surface waters the seditaent, bacteria, etc., are 
removed more or less completely by settling basins and various forms 
of filters. In the case of ground waters iron may \ye removed by 
aeration and filtration; hardness by chemical precipitation, etc. In 
these ways waters otherwise very undesirable can be greatly improved 
or made entirely satisfactory, but of course at a considerable expen- 
diture of money. It will often happen, therefore, that a source of 

' good quality but expensive will need to l>e compared with another 
{)oor in quality but capable of being made fairly comparable with 
the other at no greater total cost. Not infrequently the possibility 
of the future deterioration of a surface supply and the consequent 
necessity for artificial purification must also be considere<l. 

. RIVER AND LAKE INTAKES. 

In drawing a water supply from a large river or lake a pipe or 
tunnel must extend from the pumping works out some distance 
from shore and the construction of such pipe line or tunnel often 
involves some ven- difficult work. 
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31. River Intake5. The hK'ation of the point of intake 
iinist 1m» srlt'ctcd with n^fert^nce to (1) the quality of water, and (2) 
iUr cost of constnictioii and maintenance of the works connec'tco 
tht'H'with. Thr |M)int of intake should be free from l<x*al sources 
of iioUntioi) and shonhl then*fore hv hK*ate<l alx)ve all sewer outfalls 
of thr town ill (jucstion. In the case of tidal streams, sewa^je-polluted 
water may Im* carried Um^ distances alx)ve the respective outfalls 
at flo(Ml fide, and Ix'foi-c s(»lcctin^ the l(K*ation careful study should 
Im' nnnic of this <iucstion hv means of floats and hv examinations of 
the water at various seasons of the vear. The location of the intake 
must also Im' determintMJ with sjH*cial reference to the lowest water 
stap'. 

The form of construction to 1k» usc*d dept*nds upon the character 
of the sti-eani in <juestion, especially whether the difference between 
low an<l lii/^h wafer level is small or fjreat. 

If the water level varv onlv a small amount, as in the cast* of 
streiinis nejir <|{nns or near a lake or oct»an, the water mav usuallv 
he taken from near the shore, the end of the intake pipe l)eing sup- 
portejj on a small foundation of conci*i'te, or on a wcKxlen crib, or 
hv a nia^onrv retaining; wall. 

The inlake |)i|M*s, usually of cast iron, may leml directly to the 
|)uni|)s, ilnis acting; as suction |>ijH's, or to a ^ate chamlxT and pump 
well. In I he latter case the sucti(»n pi|H\s of the pumps lead frcmi 
this punip well. <Jratin<;s of cast iron or wo(mI, with large openings, 
are nsnally |>lacej| at the entrance to the intake to prevent the admis- 
sion of lai';;e ohjccts, while fish screens of copj)er are inserted in the 
^ate house or placcjl over the ends of the suction pi|x*s. 

If (here is a lar«::e fluctuation of water level considerably more 
work i^ involved. It is usually necessary to (^xtend the intake pii:)e 
a eonsldeiahlc j|i>tance fn>ni the hanks of the stn*am in order to 
reach a suitahl • location at low water. Furthermore, pumps camiot 
lift hy suction uion* than about '20 feet in practice, heuct* in onler 
to enable the j)uui|)> to reach the water at the h)west stage, it is often 
neces>:ir\ f«» jjImcc theiu in a <lee|) ))unip pit nnich below high water 
level. Th.' collet lueiioii of a water-ti^ht pit for this purpose is then 
ail iiiijxniaiil feafiire of the works. 

Another form of construction at the erio of the intake is a niiisonrv 

•r 

tower extendiii^^ above hi^rh water and containing ports and sluice- 
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gate similar in form to those used in reservoirs. To provide stability 
against ice and drift the tower is built similar to a bridge pier in 
form, the inlet ports l>eing placed along the sides. The outer end 
of the intake pipe is usually protected by a simple timber crib sup- 
porting the end of the pipe 2 or 3 feet above the river bottom, and 
held in place and protected from scour by broken stone. A coarse 
screen or grating is ordinarily placed over that compartment of the 
crib containing the intake pipe. It is desirable to have the total 
area of the openings of this grating 2 or 3 times that of the pipe itself 
in onler to keep the entrance velocity low. Sometimes in order to 
strain out the sediment the crib is entirely filled with broken stone 
and sand to form a filter crib. Such intake to^^ers are used at St. 
Louis and at Cincinnati and tunnels connect with the tower through 
which the water is conveyed to the pumps. 

The tower has the advantage over the crib construction in 
permanence and reliability. For these reasons this form of con- 
stniction is to be c»ommended, but it is much more expensive than 
the crib constniction and is therefore suited only for the larger and 
more important works. 

From the crib or inlet tower the intake pipe or tunnel usually 
runs to a screening chamber or pump well and from this chamber 
suction pipes lead direct to the pumps. 

Fig. 5 illustrates a good design for small works. Here the 
water flows by gravity to the wet well made of boiler steel and con- 
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Pig. 5. Intake on the Ohio River. 




structed lx»low high water line. From this well the water is drawn 
by suction pipes attached directly to pumps in the pump pit. ITie 
suction pipe is plac*ed in a tunnel through which access may Ik» had 
in time of high water to the valves in the wet well. The size of 
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intake pipe and suction pipe should be such that tlie velocity of the 
water in them will not exceed IJ to 2 feet per second. 

32. Lake Intakes. The lcK*ation of a lake intake in such 
a position as to obtain at all times water of the best quality, and to 
fulfill the requirements of safety against interruption, is a question 
reijuiring very careful study. In a lake unpolluted by sewage some 
of the things to Ik? investigated are — the location of the mouths of 
streams and the stnliment carried by them; the character of the lake 
bottom; the direction of wind and currt»nts and their effects in stirring 
up the mud on the lake l>ottom and in conveying sediment from 
point to point. 

The intake should if practicable l)e located at a sufficient depth 
to l)e free from any considerable wave action, both to secure a greater 
stability an<l to avoid the effect of the disturbance of the sediment 
by the waves. Kven in small ponds the wind stirs up the water to 
a depth of 15 or 20 feet, so that this may l>e taken as alx)ut the mini- 
mum depth. A greater depth is desirable if the water is not too 
stagnant, since the water In^comes rapidly cooler below this point. 
In large lakes the wave action extends to much greater depths and 
the intake should l>e extended accordingly to depths of 40 or 50 feet. 

Most of the cities along the (Jreat Lakes dis|K)S(* of their sewage 
by running it directly into the lake at the most convenient point; 
and for those plac^es that draw their water supply from the same 
body of water the most difl^cult part of the intake problem is to ex- 
clude their own sewage. As the cities grow, the intakes are pushed 
farther and farther out, but usually not until the necessity of the 
step is brought home by increased mortality from typhoid fever; 
and, however carefully this matter is followed up, the (juality of the 
water taken from such sources must always l)e looked upon with 
susj)icion. In Chicago the length of intake has gradually increased 
to 4 miles. In Milwaukee it is 11 miles, while the new intake at 
Cleveland is about .') miles long. 

Whether the conchiit should be a pipe line or a tunnel depends 
upon the cost of construction and the relative reliability of the two 
forms. In small works the cost of a tnmiel would Ik' prohibitory, 
while in the case of a very large intake a tunnel may Ik» the cheaper. 
Again, a pipe-line, unless sunk very deep, is subject to disturbances 
near the short* end by ice action, wn'ckage, and scour from storms. 
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Submerged-pipe intakes are usually laid by the aid of divers, 
although other methods have been used. The pipe is preferably 
laid in a dredged trench, at least as far out as wave-action is to be 
feared, and should be covered generally to a depth of 3 or 4 feet. 
Near the shore end the covering should be considerably deeper than 
this. Various methods of laying submerged pipe are described later. 

Most lake intakes are protected at their ends by submerged 
crib work of timber partly filled with stone, the end of the pipe being 
raised 6 or 8 feet above the lake bottom to prevent the entrance of 
sand. At some of the larger ones, as at Chicago and Cleveland, 
large inlet cribs or towers built above the water surface are used, 
similar to river inlet towers. 

The greatest difficulty met with in operating lake intakes is 
due to the clogging of the ports by anchor ice. This c»onsists of 
needles and thin scales of ice which form in moving water and which 
are of such small size that they are readily carried below the surface 
by comparatively weak currents. They cease to form after the body 
of water has become frozen over. On coming in contact with sub- 
merged objects these particles of ice adhere and soon form large 
masses difficult to dislodge. Anchor ice has given much trouble at 
lake intakes both at the exposed cribs and at the shallower submerged 
ones. It is removed in various ways, (^ompressed air discharged 
near the port has been effective in some submerged intakes. Steam, 
water from hose, chains drawn back and forth through the ports, 
and pike poles, are some of the other means used. As tending to 
obviate difficulty with anchor ice all crib openings or port holes 
should have a large area so that the velocity of flow through them 
will not be more than 3 or 4 inches per st^cond. 

W0RK5 FOR THE COLLECTION OF GROUND WATER. 

S3. Collection of Water from Springs. The chief objects 
to be accomplished in the construction of works of the kind here 
considered are the protection of the water from pollution and the spring 
from injury through clogging or otherwise, the furnishing of a conve- 
nient chaml)er from which tin* conduit pijH\s may lead, and, in some 
cases, the enlargement of the yield by suitable forms of construction. 

If a supply sufficient at all times for the demand can be obtained 
from one or more large springs, each one should have its separate 
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basin from which the water may l)e conducted to a common main. 
The simplest form of works consists of a small masonry well or 
basin surrounding the spring and from which the conduit pipt* leads. 
To prevent a growth of vegetable organisms and consequent deteriora- 
tion of the water, such basin should alwavs Ix* covered so as to exclude 
the light. For a small spring, a circular well covered with a stone 
cap cemented in place and provided with a manhole is a sim{)le and 
effective arrangement. For larger springs a masonry vault coveretl 
with 2 or 3 feet of earth is preferable. If the spring is located on 
a steep hillside, the collecting chamber is conveniently constructed 
in the form of a horizontal gallery built into the hill, access to which 
is had thn)ugh a door or manhole. 

Mineral and other springs occurring in public places usually 
have open basins, and opportunities are offered in the walls and 
parapets for ornamentatioi.. 

If the natural yield of a spnng *s insufficient, it w^ill sometimes 
be possible to increase it. The proper form of collecting works to 
accomplish this depends upon the character of the spring. If the 
water appears at the upper surface of a 'stratum of impervious 
material overlaid by the water-bearing deposit, frecjuently in the 
form of several small springs, instead of dealing with each one 
individually it will often be better to construct a long collecting 
gallery running parallel to the outcrop and leading to a central 
collecting chaml)er which can be made similar in form to that 
for a large spring. This gallery, which may l)e made similar to 
that shown in Fig. 12, should be built deep enough to rest upon the 
impervious material, and thus to collect all the underground flowage 
as well Jis that appearing as springs. The total yield may l)e thus 
much increased, the increase being relatively greatest during dry 
weather. 

The gallery may be simply a Hne of drain tile or vitrified pipe 
laid with open joints at the upper part of the pipe. If large quanti- 
ties are collected the gallery may be made of brick or stone and 
large enough to permit of the passage of a man. 

Where springs originate in a deep porous stratum such stratum 
may iisnally he ta|)pe(l by wells without much reference to the spring. 
I'st» of such wells will generally riMluct* or entirt*ly stop the flow of 

spring. 
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THE CONSTRUCTION OF WELLS. 

34. Principles Governing the Yield of Wells. If a well, 
either large or small, l)e sunk into a body of \vater-l>eariiig material 
the water will run into such well, and if no j)um|>ing is done the 
water will, after a time, reach a level in the well the same as the 
level of the water in the surrounding soil. Fig. () rej>resents a section 
through such a well. The dotted line A B rt^presents the level of 
the water in the ground and in the well. Now if water is pumped 
from this well the level of the water therein will he lowered and as 
a consequence water will tend to flow into it from the surrounding 
ground and the surface of the ground water will assume some such 
shape as shown by the full line 
C D E F. The amount which 
the water surface is lowered de- 
creases rapidly as we get farther 
from the well, until at some point 
more or less remote there is no 
sensible effect. The area within 
which the level is appreciably 
lowered is called the circle oj in- 
fluence. If the pumping is con- 
tinued the level will be more and 

more lowered until it is so low that water will run into the welLas 
rapidly as it is pumped out, after which no further change will take 
place. If the pumping ceases the well will gradually fill up to the 
original level. 

Where the water flows under pressure, as in a porous stratum 
overlaid by an impervious one, the flow into a well is not accompanied 
by a change of level in the surface water, but the curve of pressures 
is of a form similar to the water surface in the case already treated. 

The principles underlying the yiehl of wells have l>een investi- 
gated both theoretically and practically, but the subject is too dif- 
ficult to be discussed in detail here. There* are certain general 
principles, however, that are very important and which aid greatly 
to a clear understanding of the behavior of a set of wells under vary- 
ing conditions. These may l)e stated as follows: 

Having given a sand or gravel stratum of at h^avSt several feet 
in thickness in which water is flowing at some appreciable slope, 
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such cis 5 or 10 feot jht iiiilr, aiul a woll is sunk into (his stratum to 
a (X)nsi(lcral)lt» <lr|)tli, tlir yield of such a well when jmniped from 
continually will follow approximately the following laws: 

(1) The yield will Ik» pniportional to the distance the water 
level is IowchmI in the well Inflow it^ normal level. 

(2) The yield will Ix* proportional to the thickness of the watei- 
l)earing stratum. 

(3) For the same amount of lowering of the water the yield 
will he a little grt»ater the larger the well, hut the difference is not 
great except in cjisc* of very deep w-ells of small diameter in which 
the upwanl velocity of flow through the well is greater than 2 or 3 
feet per second. A l()-foot well will yiehl only alK)ut 50 per cent 
more than a G-inch well. 

(4) For the same amount of lowering of the water the yield 
will \ye much greater in coarse material than in fine. 

The following table will serve to give a rtnigh idea of what may 
be expected from a single well sunk at least half way through a water- 
Ijearing stratum of various grades of material. 

TABLE 9. 

Approximate Yield of a 6-Inch Well When Sunk Into Water- 
Bearing material 10 Feet Thick and When the Water Level 
Is Lowered One Foot by Continuous Pumping^. 

Material. Vi«*ld in callous per day. 

Fiiio Sand 4.0(K) 

Medium Sand .3(),(MM) 

Coarse Sand SO.(MM) 

^ Fine Ciravcl, frcM* of Sand 500. 0(M) or more. 

For other thicknesses of material and other amounts of lowering 
the yield can Ir* obtained by the law of proportion as stated above. 
The ^reat increase in yield due to increasing coarstniess of material 
is very marked and shows that for this very retison it is verj- difficult 
to make close pnvlictions as to yield. Larger wells will give slightly 
lK»tter n»sults. 

Example. A well is sunk into a water-lx^aring stratum con- 
sisting of medium size sand to a depth of 30 feet inflow water level. 
What will Ik* the yield if the water therein is pum|)ed down 5 feet 
below its normal level? 

By Table <) the yield would be al)out 3(),00() gallons pt»r dav 
for a lO-foot stnitmn juhI one foot of lowering. Hence for a 30-foot 
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stratum and 5 fet»t of lowering ihv yield will he alwiut 3 X 5 — IT) 
times as miieh, or If) x 3(),(KK) 4r)(),()(K) gallons per day. 

If two or more* wells jx^netrating to the same stratum are j)laeed 
near together and simultaneously ojKTated, the total yield will be 
relatively mueh less than the yield of a single well j)umj)ed to the 
same level. This nuitual interference of wells dep(*nds m amount 
upon the size and spacing of the wells, upon the radius of the circle 
of influence of the wells when operated singly, and upon the depth 
to which the water is lowered by pumping. 

The amount of this interference dejxnids mainly upon the dis- 
tance the wells are apart. It also dej>ends uj>on the amount the 
water is lowered by pumping, and upon the general capacity of the 
stratum. If the water is lowereil a considerable amount, such as 
10 feet, the wells should l>e plact^l 20() to 40() feet apart in order 
that the interference Ix* not t(x> great. A small spacing like 25 to 
50 feet will give an interference of a large amount, — often as great 
as 50 per cent in the case of 3 or more wells. That is to say, if 4 
wells are placed 50 feet apart the total yield is not likely to l^ more 
than 50 per cent of the yield if these 4 wells were placed 300 or 400 
feet apart. 

Where it, can be done, the l)est way to determine the capacity 
of wells is by actual tests conducted for a sufficient length of time to 
bring about a condition of equilibrium in the flow, but unless this 
condition is approximately fulfilled such tests are apt to be very 
deceptive. With a flat sloj)e to the ground water a test may lx» carried 
on for weeks and even months, and the circle of influence will still 
continue to widen, resulting in a gradually decreasing yield. It 
may thus require years of operation to bring the conditions to a final 
state of equilibrium. 

In the case of deep wells sunk into rock strata it is impossible 
to make an analysis of the conditions so as to Ix* able to predict the 
yield. A pumping test is a necessity, but in this case also a very 
useful principle to remember is that of proportionality of flow to 
the lowering of the water level in the well. Thus if by pumping 
the level down 10 feet we get 200,000 gallons per day we may say 
mih great certainty that the yield will be about 400,000 gallons if 
the water is pumped down 20 feet. In all cases this lowering of 
the water is to \ye measured from the level to which it rises when 
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lui water la pumped. In a flowing artesian well to ^-t tliis k-vi 
is iift^Hsary to extend the easing atiuve tlie jtrtiiind its fur as i 
water will rise, or to cap tlie well and detennine tliis level by a pre 
sure gauge. 

35. Large Open Wells. As already explained, tlie yiel 
of a well that is constantly pumped from is nut much affected tiy ii 
size. For other reasous, however, large wells are often advantageous 

The large well possesses a great iidvantage over the small > 
in its storage capacity. If the pumping is carried on at a variabl 
rate, it thus acts to increa.-ie greatly the real rapacity of the larg 
well over that of a series of small tijl>e wells, Furthermore, in tfaeg 
operation of the pumps tliere are many a<lvantage-s in l*eing able I 
get the entire supply from a single well, or from two or three lai 
wells close together, chief among which is the avoiflance of loiu 
suction pipes. The lai^ well is al.so of great a«lvanlage where iq 
Iweoraes necessary to lower the pumps, as it |)erniils the ii.«*- of a 
more economical form of pumping machinery. 

Trouble is often experienced in the small wells llnimgh cloggii^ 
and the entrance of fine sand. This is largely avoided in the lai 
well, as the entrance velocity of the water is very stnali. Opport 
nity is also given for the settling of fine material. 

The chief disadvantage of the large well is in its great cost com- 
pared to the tube well for like yields. This disadvantage increased 
rapidly as the depth increa-ses, and where it may Ix- einnomy to con- 
struct a large well tt> a certain depth to serve as a pump pit it will 
usually be cheaper to develop the yield hy sinking tid)e wells from 
the bottom, or by driving galleries therefrom, than by further sinking. 

Large welU for waterworks are constructed of diuiitetrrs of 10 
feet or les.s to as great a.s 100 feet, 30 to 50 fi-et l»eing the most wm- 
mon size. The minimum depth of a well is iletermined hy thtr depth 
necessary to reach and penetrate for a short distance the water- 
lieanng stratum, allowing a margin for dn,* .H'asou.-i. 

In the construction of a large well lai^ quantities of water 
will be met with, and adeipjute means of handling it must l>e pro- 
vided. As the water level must ln' kept at the lowest level of 'he 
excavation, the maximum pumpage will l>e coiisi<lenilily more than 
the future capacity of the well. For nuKlerate ilepths the excavation 
can be carried on with no other aid than sheet piling. If the well 
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is of large (liainebr. an anmiliir tn-m-h is iisiiully lirst cxcHVutiHl 
ami the t-iirii or lining Imilt (lu-n'iii. tiUvr wliidi lliv itilvrior ('<>n' 
is reuiove<l. 'Iliis methixl fiialiit-s thi' sliti-t piling; to [w ix'tidilv 
braced. A method adaptetl to sinalli-r wells is to drive \\\v shet't 
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piling oulsiile of a serit-s t,{ vitnAi-w fraim -^ or r\\,:. 
the entire well al ontf. 'Hm- rili- an- Imili in \A:u^ 
tion proceeds. 'ITii.-. nwilmd r- pllu-iran-'l in \'v^- 
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For wclis of considerable deptii sunk in soft material, the curb 
may Ix- 'started r>n a shoe of iron or wood, and the excavation and 
the construction of tlie curl) carried on simultaneously, the curi) 
sinking from its own weight. 'iTie material may be either excavateil 
in the oixlinary way, or by the use of compressed air, or dredged 
out withinit attempting to keep out the water, the method used 
depending uixin dcptli of well, (juantity of water, and character of 
the material. Where the friction l)ecomcs too great to sink the first 
curii the desired distance, u second curb with shoe may be sunk 
inside the former. In Fig. K are illustrated two forms of shoes used 
in sinking wells. 'ITieaeare Iwth 
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constructed mainly of wood, 
strengthen such curbs i 



To 
rods 
ihonld extend from the slioe well 
up into the masonry. For large 
wells, pump pits, etc., heax-y iron 
shoes are often employed, and 
(x-casionally a pneumatic caisson 
is found necessary. 

The lining or curb usually 
consists of a circular wall of brick 
or concrete masonry of a thick- 
ness varying with ttiameter and 
ile|)th of the well, but ranging 
ordinarily fnun 2 to 5 feet. Dry 
r portion, but the upper portion 



d to cxcludt' the light and to prevent 
over is usually made of wood, which 
ticntly nia<le of a conical form and 
tniss, or by rafters resting against 



rubble may U' u.-<«'.l for tlu- 1. 
sliotild U- uf I'oncretc. 

All wells should \w cover. 
poHution of the water. Tlic ( 
for iarg.- wells may l>c cnnvei 
.sTip[t<)rtcd by a light woctden 
the wall. 

36. Shallow Tubular or Driven Wells. Shallow tubular 
wells, or wells ()f small diaiiietcr, also called driven wells, are sunk 
in vari<ms ways. de|H'nding upon the size and depth of well and 
nature of the material encDUUtered. To furni.sh large quantities 
of Witter it usually re<|iiin's a uuml)er of wells, and in addition to 
tile ijuestion of .sinking, i|neslious of arrangement, spacing, con- 
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necting and operation art* important. \Vi» will hen* c*t)nsi<ler only 
the nietlnKls of sinking wells in earth or soft strata. 

As reganls nietho<ls of sinking then* an* two principal kinds 
of wells — the closed-i»nd well or driven well pn)|x»r, and the opt»n- 
end well. 

The Closed-end or Driven Well. In this form the well tnl)e 
consists of a wrought-iron tube from 1 to 4 inches in diameter, closed 
and pointed at one end, and perforated for some distance therefmm. 
The tul)e thus prepared is driven into the ground bv a wooden maul 
or block until it penetrates the water-bearing stratum. The upper 
end is then connected to a pump and the well is complete. Where 
the material penetrated is sand the perforated 
portion is covered with wire gauze of a fineness 
depending upon the fineness of the sand. To 
prevent injuring the gauze and clogging the per- 
forations, the pointed end is usually made larger 
than the tube, or the gauze may l)e covered by a 
perforated jacket. 

Fig. 9 shows a common form of well f>oint 
and the method of driving wells by means of a 
weight operated by two men. The tul)e may 
also he driven by a wooden block oj)erated by a 
pile driver or other convenient means. Such a 
well is adapted for use in soft ground or sand 
up to a depth of alx)ut 75 feet, and in plac^es 
where the water is thinly distributed. 

Open-end Wells. For use* in hard ground and for the larger 
sizes the of)en-end tube is l)etter adapted, '^riiis is sunk by removing 
the material from the interior, and at the same time driving the tuln* 
as in the other case. A very common method of sinking is by means 
of the water jet. In this process a strong stream of water is forctnl 
through a small pipe inserted in the well tube, the water escaping in 
one or more jets near the end of the pipe. At the same time the pi|)e, 
which is provided with a chisel edge, is churned up and down to 
loosen the material, which is then carried to the surface by the water 
in the annular space l)etween the pi|K* an<l tul)e. If the material is 
hanl or the well dt^ep, a steel cutting edge may 1h» screwed on to the 
end of the well tube. 
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With the (ipeii-Pitd well tho lower [lortiou nun !«■ nii-i-ely 
Torated with small holes in casf ihc miiliTiiil is cinirNC or gra\'el 
or if sanii is iiiel with, the holes nmy U- covfred with hrass gnu 
IiistijHl, liiiwfvcr, of iisiiiji H gaiiaf it is euiiiiiiuii with this style 

well to sink a solid tube, insert a sj)ecial strainer of 
suitable length, and then withdraw the tnlw nearly 
to the lop of the strainer. 

Fig. 10 illustrates a commonly iiseii form of 
strainer known as the Cook strainer. Itisniadrof 
hrass tnbing and provided with verj- narrow, slotted 
holes, which are much wider on the interior tliaii 
on the exterior, an arrangement intended to 
vent clogging. 

Small ttibniar wells are nsnally arranged in 
or two rows alongside a suction jiipe and 
iiected thereto by short branches. The smaller 
siws are ctinnicted directly Ut the branch, the well 
Inlie m-ting also as a snetiun pipe, but with 
larger sizes a separate suction pi[)e is onlini 
employed. In the former ca.se, to avoid die 
tnince of air. it is ne<r.ssarj- that tlii' pcrforateil 
wvu SI r:' i'i'.'i'.r t'"" *^f ''"■ P'l*^ '•*' »lway.s under water, and to ir 
this l>eing the ea.se it should Ix* kept Ix-low 
limit of suction. With the latter arrangement there ai 
limitations to the jjosition of the [lerforateil well casing. 

In onler In enable the jininpsto draw as much water as jxwsil 
from the wells the pumps and suction mnlu should !«■ plawd 
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deeply m the ground as practicable. A typical arrungi-m«nt of n 
i.s .shown in Fig II. In this plan the wells are(>-iijeh wellaand I 

spaccil oO feet apart and are ll.'i in. "ill f,-et deep. 
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The maximum amount of water obtainable from a ^iveii uuinlxT 
of wells would be when they are spaced far enon^h apart so that their 
circles of influence will not overlap, but on account of cost of piping, 
and loss of head by friction, this would not lx» the most economical 
spacing. While it is im|K)ssible to ^ve figures which would In? of 
general application, it may l)e stated that from 25 to 100 feet is alnnit 
the range for economical spacing of shallow w^ells. With very deep 
or artesian wells the spacing l)ecomes still greater. Spacing less 
than 25 feet has quite often l)een ust»d, but with doubtful economy. 

Each well should l)e connected to the suction main by means 
of a short branch in w^hich should 1h» phuH^I a gate valve, so that 
any well can be shut off at any time, 'i'he main suction pijx* is 
usually made of flanged piix*, as this enables air-tight joints to Ik* 
more readily made, although ordinary lK»ll-and-spigot pi|>c with 
lead joints has Ijeen successfully used. 

The greatest care must Ik* taken in every part to make th(» work 
air tight, and to secure this it should Ik? thoroughly tested in st»ctions 
by means of compressed air. All valves shr)uld Ik» carefully tested 
for air tightness, and all screw connections thoniughly fitted. In 
spite of the most careful construction, air will usually accunnilate 
to some extent, and to eliminate it many plants are prr)vided with 
air separators placed on the suction main near the pump. I'he 
simplest form consists of a large drum of steel placed on the suction 
pipe near the pumps thnnigh which the water passes at a slow 
velocity. A vacuum pump is attaches! to this drum. 

\Miere sand is drawn up with the water it may lx» got rid of 
by passing the water at a slow velocity through a large drum or 
l)OX inserted in the suction pijx» and provided with suitable hanrl- 
holes for cleaning. 

37. Deep and Artesian Wells. Where tlu- d<-pth cxc<*cds 
75 to 100 feet the small driven well is no longer practicable. Methcxl.s 
of sinking deep wells are in many res[x^cts ditt'crcnt from thos^- already 
described, and matters of spacing, pijH* friction, arrangement of 
connections, etc., are much more important than in iht* shallow-well 
plant. Well Iwring is an art by its<*lf, and tin* rxt'^-iition of any 
deep-well project should usually 1h^ put into the hainU ot M>me rfliable 
welWrilling coucitu. 'Hie variety of ingrnioUN to(»K an«l aiiplianr-es 
in use for oven*oming ail kinds of diff^(•lIltic•^ and for |K-!u-tratiri;: all 
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sorts of strata is ven' great, and it is possible to give here but a very 
general description of some of the methods of sinking in use. 

In soft material it is neeessarv to case tlie well the entire depth, 
and on account of the difficulty of glutting the casing down to great 
depths this operation In^comes the chief feature of tlie construction. 
For depths up to 2(K) or M) feet the onlinary well-drilling outfit 
can Ik' ummI, and the casing driven close after the drill. When the 
casing can Ik» driven no farther a smaller size is inserted and the 
sinking continued with a smaller drill, and so on until the well is 
sunk as far as desirable or possil)le. The material excavated is 
brought to the surfa(v l)y means of a sand bucket, or by the water 
jet as previously descrilH^i, the water l)eing conducted to the eml 
of the drill through hollow drill rods. By the latter method the hole 
is kept clean and a mort* rapid progress made. 

The friction iigainst the casing is greatly lessened, and the depth 
attainable nmch increased l)y the us(» of the revolving process. In 
this the low<'r cud of the casing is provided with a toothed cutting 
sIhk* of hard steel of slightly greater diameter than the pipe, and 
the up|M'r end is connected by means of a swivel to a water pipe 
through which wat<T is forced i)y suitable pumps. The well is 
l)on'd by turning tlu' pi|H', and the loostMied material is carried to 
the surface by the water which piusses down inside the casing and 
up on the outsid*' lu'twecn casing and soil. This process is verj' 
connnoii in sinking artesian wells in the alluvial l)asins of California. 
It is very rapid, a rate of sinking as high as 20 or 30 feet j)er hour 
for depths of I, (MM) feet having i>een attained. 

It i^ essential to iiave a good length of strainer in the porous 
stratum. This is usually instated after tlie desired depth has l)een 
rraclMMJ, an<l the casing is then pulled up to the top of the strainer. 
\U special devices it can, however, be attaclied to the end of the well 
casin*: and sinik with it. 

A <lrilling outfit for deep wells is \rr\ similar to the ordinar>' 
familiar outfit for shallow wells worked by horse-power. A string 
of tools consists essentially of a steel bit,. an auger-stem into which 
the bit is screwed, a j)air of links or "jars" connecting the auger stem 
with anothei* bar, called a sinker bar, and fiiudly the ro|H* cable 
wliich su|)|)orts the aj)j)aratus and which passes over a pulley at 
llic top of a derrick and then down to a winding drum. Just above 
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the drum the cable is attadied, bv means of an adjusting or **tenij)er" 
screw, to a large walking Ix^am operated by a steam engine. As 
the work progresses the drill is lowerd bv the temjx*r screw. W\ 
means of the jars an upwartl blow may Ix* stnick to dislcKlgi* a 
jammed drill. Many ingenious tools are employeil for recovering 
lost tools, cutting up and removing pipe, and carrying on the various 
operations involved. 

Wells in soft material must be cased throughout. When boretl 
in rock it is necessarj' to case the well at leiust through the soft upix*r 
strata to prevent caving. Casing is also desirable for the purjK)se 
of excluding surface water, to which end it should extend well into 
the soHd stratum l)elow. Where artesian conditions exist and the 
water will eventually stand higher in the well than the adjacent 
gnnmd water, the casing must extend into and make a tight joint 
with the impervious stratum, otherwise water will escaj)e into the 
ground above. 

Ordinary artesian well cavsing is made of light-weight wrought- 
iron lap-welded pipe. For pipe which is to be driven the standard 
wrought-iron pipe is ordinarily used, but for heavy driving extra 
strong pipe is necessary. Joints of drive pipe should l)e made so 
that the ends of the tubing are in contact when screwed up. '^Fhe 
life of a good hea\T pipe is ordinarily very great, but cases have 
occurrt*d where the pipe has been rapidly cornnled, due to the pn\s- 
ence of exces.sive amounts of carbonic acid. 

The cost of sinking wells will of course* vary greatly according 
to locality, nature of strata, and depth and sizt* of well. For wells 
6 to 8 inches in diameter and sunk in ordinary rock the cost jht f(M)t, 
not including casing, will usually range from $2.(K) to $^^.(K) for depths 
of 500 feet, up to Jvi.OO to $5.(K) for depths of 2,(KX) fet»t. For smaller 
sizes the cost will hv somewhat less, esjK*cially for the shallow depths. 

38- Connections for Deep Wells. The economical spac- 
ing for deep wells will l)e much greater than for shallow wells. It 
will likewise pay to s[x*nd more money in lowering the flow line by 
making deep c*onnections, thus decreasing the numlKT of wells and 
increasing the spacing. (lenerally speaking a spacing of fn>m 4(K) 
to 800 feet will Ik* found <lesirable. 

On account of the relatively great cost of deep well> it will often 
be found economical to so arrange the pumps an<l corniection.^ that 
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a considerable lowering of the water level belo\v the ground surface 
may be ol)taine<l. This is generally accomplished by connecting 
all the wells to a single pump or set of pumps, placed at a considerable 
depth Ik»1ow the surface. Where the connections are ver^* deep 
tunneling may have to be n\sorted to. Another common method 
of drawing water from deep wells in the case of small plants is by 
the use of a separate deej>-well pump for each well. This methfxl 
is applicable to any depths but involves the use of uneconomical 
typ(»s of machinery. The air lift is another form suited to this work. 

39. Yield of Artesian Wells. In making estimates reganl- 
ing flow it is important to l>ear in mind that it requires a considerable 
length of time to determine with certainty the adecpiacy of the supply, 
and furthermoiv that the sinking of nvdls by other interests, even 
thouirh at considerable distances, mav verv seriouslv affect the vield. 
Where conditions an* sufficiently favorable for works of some magni- 
tude the yield per well under a moderate head ranges from al>out 
150,000 gallons per day to (S()(),0()0 gallons, or even more. W'ith 
yields of less than 1(K),(KK) gallons per day, works for developing 
large (juantities become very expi^nsive, relatively more expensive 
than for small rpiantities, sinc^e with a large number of w^ells there 
is nmch greater interference. Often a well or set of wells will show 
a gradual falling off in capacity. The chief cause of a decrease in 
the vield of a well is the influenct* of other wells sunk in the vicinitv. 
Where* large numbers of wells are sunk in the same region this effect 
may be very serious, as in some cases whert* it has reduced the pres- 
sure of flowing wells from 75 or 1(K) feet down to nothing. 

40. Galleries and Horizontal Wells. Where ground water 
can i)e reached at moderate depths it is sometimes intercepted by 
galleries constructed across the line of flow. If these are placed 
at a sufficient (lc])tli tlu*y will enable the entiiv How of the ground 
water to be intercepted. In form a ijailerv mav consist merelv of 

an open ditcli whicii leads tiie water awav, or it mav be a closed 

I « ' ► 

coiidnit of nii»sonry, wood, iron, or vitrified clay pipe, provided with 
ninncroiis small ojUMiings to allow the entrance of the water. Unless 
constantly sui)nicrgc(l, wood should not be used. Masonry and 
vitrified j)i|>(' arc prcfcrai)l(^ to iron, as these materials are uninjured 
l)y ('\j)()sun' to wat(*r. If galleries are not covennl, excessive vege- 
table urowtli is npt to occnr which may injure the (juality of the 
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waUr. Fig, 12 illustrates a form of gallerj- of concrete Imilt in a 
water-bearing gravel. 

Galleries for collecting gronnil water are i)cca.sionally tunneled 
in solid rock. This may happen along a si<le hill where an outcrop- 
ping ]x>pons stratum overlies an imperv'ious one and it is desirerl to 
<lcvelop the flow hy running a liinnel along the hill near the bottom 
of the jK>rous stratum; or it may occur where a steeply inclined 
... _ -- , artesian stratum tan I)e more 

Water deanna^ Gravel „„|,|, „„t„, ,„ ,t,^ „.,,, ,|,^ 

In \erti(al »elU runnels or 
f^allenes art also -lonietimes nm 
from the bottom of large wells 
for tilt purpose of increasing the 
\ield This method of inrn*a.sing 
Sand -dri" ' T I \ ^^ """ ''' athanlageous where 

it is necessary to lower the pumps 
anil to concentrate the flt)W in a 
single well. 

Horizontal or push wells aiv tubular wells pushed approxi- 
mately horizontally into a water-l>eariiig .stratum, t»r under the Iwd 
of a lake or stream. They are forced into the ground fn>m a trench 
by means of jacks braced against the opposite sitle. These wells 
have been most snccessfiil when extended out under a lake or river. 
Antrther method of utilizing a river bottom as a natural filter 
is to construct a wooden crib in an e.vcavation in the bed of the stream, 
fill it with gravel and then cover the structure with 3 or 4 feet of 
sand up even with the river bottom. The suction pipe then leads 
from the crib to the pumps. This form of construction is well atlaptcd 
to .santiy-bottom streams with swift currents and has provtnl a very 
efficient way of clarifying inudtly river waters. 

Wells and galleries are often con.striicted near streams for the 
purpose of getting all tir a portitm of the supply therefrom. The 
success of such works depends much iij>on the character of the river 
Ixittom. Even when the lower strata arc |x>r(nis, the river, if a 
silt bearing one, may have a nearly im[>ervious bottom and the 
natural filter will only liecome more clt)ggi'd by u.se, necessitating 
perhaps the abandonment of the collecting works. .Such failures 
have tHcurred in some instances. With a sandy river bottom kept 
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clean by the scouring action of the floods, and with a porous sub 
stratum, works of this kind will give good results. To secure goot 
filtration the works should Ih» hn'ated at least 50 feet and preferabb 
a greater distance* from the stream. 

The yield of a series of wells or of a gallen^ collecting filteret 
surface* water will Ih% as in the case previously discussed, proportiona 
to the lowering of the water level, and will be nearly proportiona 
to the length of the line of works. In gallons per day per 100 fee 
of gallery, the yield from various successful works varies from 30,0(X 
to 1,000,000 or mort», which is about the same as is obtained fron 
lines of wells. 

RESERVOIRS AND DAMS. 
Impounding Reservoirs. 

41. Capacity. When the minimum flow of a stream is lesi 
than the daily demand of water it is necessary to store up the excesi 
flow during the rainy st»ason in large rt\servoirs called impounding 
reservoirs. The deficiency in the supply can then l)e made up b} 
drawing from the rc\servoir. In this way the entire flow of a stream 
for a vear or more mav be storcnl and drawn off as wanted and stream* 
that run dry at certain times may l)c made to supply quite a large 
|M)pulati()n. Impounding reservoirs ai*e made by constnicting « 
dam across the* valley in (juestion, but natural lakes or ponds can 
()ft<'n be ntili/ed as reservoirs by building suitable works at this outlet. 

In cah'uhiting the proper size of a reservoir we must consider 
!;,i (Ij the yield of the source for successive intervals of time; and (2) 

the demand for all purposes for like intervals of time. The yield 

III ' ' 

''|:1 of tile source of su|)ply has l)een previously discussed. The demand 

to be considered includes not only tiie consumption for the city in 
(juestion, l)nt also the loss of water bv evaporation from the area 
of tiie reservoir itself, also loss from leakage and {x^rcolation, and 
often the necessary withdrawals to satisfy the demands of riparian 
1} owners below. 

?' TIh' amount of leaka^^e through the dam will usuallv be verv 

small, but with certain forms of construction may \w large. The 
<|n;mtity of water necessary to satisfy the demands of the riparian 
owners below the reservoir is often an exceediuirlv difhcult matter 
to determine, and usually becomes a (juestion for the courts to settle. 
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Practice (lifFcrs greatly in (HffeRMit States, and in many of the Western 
States the water l^elongs to the State to dispose* of as it sees fit. It 
is often ex|>edient to hny np all rights and to ntilize whenever netvs- 
sarv the entire flow of a strt»ain, or to fix hv eontraet the amount 
which will lx» allowed to flow. 

The capacity of the reservoir must he based on the supplying 
capacity of the ^stream during the dryest year. The probable yield 
of the stream for each month of such a vear should he estimated 

and recorded. Then likew-ise the monthlv demand for the city 

ft ft 

in question and whatever allowance, if any, should be made for 
the use of riparian owners below. 

Then for all months in which the demand is greater than the 
flow subtract the latter from the former; this will give the deficiency 
for each month. Add all deficiencies together and the result will 
lie the total deficiency which must Ix* made up from the reservoir 
and therefore is the required capacity of the reservoir, provided, 
however, that the total surplus for the remaining months is at least 
c(jual to the deficiency. If not, then the total yearly flow of the 
stream is not ecpial to the total demand and additional water must 
l)e obtained from some other source. 

42. Location. In determining upon the location of a reser- 
voir several elements must l)e kept in mind. In the first place it 
is verv desirable that it shall Ix* at such an elevation that at least a 
part of the consumers may l3e served by gravity alone, and it w'ill 
\w economy to sjH»nd a relatively large sum of money for conduits, 
or otherw^ise, to secure this advantage. The nect»ssary elevation 
for this purpose depends upon the recjuired pressuR* at, and eleva- 
tion of, the various points of distribution, and the head lost in con- 
ducting thence the water. 

The most favorable location for a reservoir as regards topog- 
raphy is a point where the valley forms a comparatively broad level 
area bounded by steep slopes at the sides, and Inflow which the hills 
approach close together so as to form a gcxwl site for a dam. To 
prevent the escape of water the floor of the rt\stTVoir should contain 
no outcrop of porous strata of any extent which may lead the water 
away underground, and in the vicinity of the dam or embankment 
it should l)e underlain by an impervious stratum at a depth that can 
be reached bv that structure. 
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AfttT ;t tnitativr location has lurn <lt*c*i<liMl u|>on, accurate levels 
iiiuM U' run to coiiiicct tin* town with the n*scrvoir site, also siir\"eys 
for ((nnhiit hnes, and an accurate to|M>^ra|)hical sun'ey of the area 
to Im' ll(N><lr<l and all that niav 1h' afFcctcd l)v the n\st»n'c>ir. This 
survey should include information as to all huildings u|X)n and 
adjacent to the area in <|uestion. natui*e of the ve^tation, location 
of roads, j>r()|)erty lines, etc. At t\w site propostnl for the dam 
innnerous horin^s nuist Ih» made extending to a considerable distance 
al)ove and 1m»Iow the dam as well as on the flanks, and these* must 
1h' supplemented l>y test pits so that the miture of the suppose<l firm 
stratum can Ik* accurately d(»termined. If a suitable foundation 
caimot Ik* n-ached at a n*asonable cost, the site niav have to be 
abandoned. 

Calculations of storap* volumes for difFen*nt depths can readily 
Im' ma<le from the contour map. '^Fhe areas enclosed by each contour 
can Im' measun*d l)v a planimeter and the volume l)etwtHMi anv two 
successive (M)ntouis taken as etpud to the avera^i* of the arejts en- 
closi'd bv tlie contours, nmltii>lied bv the contour interval. The 
voluuH' Up to any ^iven contour havin<r Ix'en determined, the ne(?es- 
sarv hei»^ht of dam to hold any ^iven (piantity of wattT becomes 
known. 

.Ml v<'^'tation and {M'rishable mattt'r shouhl l)e removed fn)m 
the reservoir site, as the tiecay of such material injures the (piality 
of the water. It is also desirable and of ^reat Ix'uefit to the water 
to remove tiie (op soil to a sullicii'iit depth to include most t)f the 
or<;anic matter thcnMU. 

.\s a further protection to the (piality of the stoned water it is 
desiral>lc tl.al tiierc be as little area alternately tloodt'd and exposed 
a> jinssiblc, in order to limit the ^n»wtli of vc(;etation. Shallow 
placr>. should either l)e e\cavate<l to (^ive a d<'pth of t) or S ftH»t, or 
partly excavated anrj j)artly filled, the s1o|h's bein*; formed at alMUit 
M to I and iovercd with .san<l or <(ravel. 

4^, Haintenancc. In maintainin<j: a res<»rvoir so as to pre- 
serve the <|ualiiy of the water and to supply the n<*ct\ssary (piantity 
n';j:ularly ami certainly re(|Nires a consid<*rable derive of care and 
atttjition. Tn keep tin- (jualitv as «rood as possible recpiires first 
of all that the watcrslu'd and reservoir 1m» kept free from organic 
pollntioiL To insure that this is the case the city shouhl have sani- 
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tarv sujK'msioii ovrr tlu* an'a in (|iK\sti(ui, and in.s|HH'tinn sIumiM 
Ik* n»^ularly inailc* to mv that all sanitary n'<|nin*ini*nts iirv iDnipliod 
with. Durin*: stni.sons of low water, oj>jM»rtunity is t»tlVn'd for n*- 
niovinjij thr w^'tation fnun aniund tlu' honlrrs of the n*si»rv(»ir. 

Careful reeonis should Ik* kept at the i\*s(»n'oir of all matters 
which may l)e of any value in suhstMjuent designs for enlarp.'ment 
or for new works. These should inelude rt»eonls of rainfall, tem- 
perature, height of water in reservoir, amount passing over wastt* 
weir, and data pertaining to the ({uality of the water at ilitFertMit 
seasons of the vear. The maintenance of dams and embankments 
should call for ver\' little labor. Earthen embankments should U' 
kept neat in appearance with slo|x*s well so<lded, or covered with 
large gravel so as to Ix* jKTinanent. The top of the embankment 
shoukl of course lx» maintained at its full height, and the waste weir 
and the channel l>elow It kept clear and of the designed capacity at 
all times. Oates and other apparatus shoukl Ih» frecpiently ins|)ecte<l 
and kept in thon>ugh rt^pair. 

EARTHEN DAMS OR EMBANKMENTS. 

44. Kinds of Dams. Dams may l)e divided accx>nling to 
the material used into five classes; (»arthen dams, masonry dams, 
loose-rock dams, wo<xlen dams, and iron or steel dams. These* 
materials are also used in various combinations. The form of dam 
suitable for a given ca.se dejx^nds upon the character of the founda- 
tion, the topography of the site, the size and imj)ortancr of the struc- 
ture, the degree of imperviousness recjuired, and the cost. Of the 
above kinds of dams those of masonrv and of earth an* the ones 
usually (*onsidere<l. 

The earthen embankment is the most common form of dam. 
It can l)e built on a varietv of foundations; it is commonlv the clicaiH*st 
form, and when well designed and executed is an entirely safe and 
reliable structure. When* flood waters hav(» to Ik* pass<*d over a 
dam some other material than earth must l)e usimI for at least the 
portion of the structure subjected to water action. Water flowing 
over an earthen embankment is inadmissible, many faihin\s having 
lH*en caused bv such occurrencv, due to faultv construction. For 
dams higher than 1(K) feet or thereabouts few engineers would n'coni- 
mend an earthen structure. If the foundations an* suitable, a 
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masoiirv (hiin is in such cast's ^n^atly to Ik» pn»ft*ri\Hl. It is more 
!X'lial)l<\ ami with tlic ^rc*at j)n\ssun's (K'curriiig it is desirabk' to have 
all outlet arrali^»ineiits l)iiilt in niasonrv. 

'V\\v general HMpiin'ments of a ^ochI foundation for an earthen 
(lam an* that an im|>ervious stratum can \ye reached at a moderate 
depth, and that the material near the surface is sufficiently compact 
to support the loa<l. A compact clay or hardpan makes the liest 
foundation. Solid rock is also goo;l if not fissured. Embankments 
of earth have l)een successfully constructed on foundations of sand; 
hut in such a case it is im{>ortant that the sand lx» fine and of a uni- 
form character, containing no streaks of coarse material which will 
offer little rtvsistanci' to the flow of water. 

l^arthen dams are of a tra{)ezoidal form, with top width, side 
slo|H\s, etc., proiM)rtioned according to the material used. Where good 
material is at hand in sufficient (juantities the entire* embankment 
may be made of uniform consistency and all as nearly water tight 
as possible. Tsually, however, it will l>e more economical and give 
as good r(\sults to put the l)est nuiterial near the up|)er side of the 
embankment, changing gradually to the more j)orous materials 
towards the lower face. Where good material is scarce*, impi*r\'ious- 
ness is usually obtained by means of a wall or *'core" of imper\'ious 
earth or masonry placed near the centre of the dam. If imf>ervious 
foundation is reached only at a considerable depth, this portion 
only of the embankment is carried to the extreme depth. 

\'arious kinds of material can Ix* used to make an embankment. 
Loam, sand, gravel, and clay, mixed in various proportions, are com- 
mon. For tlie first three to Ik' impervious they must contain a certain 
proportion of clay, the amount required depending upon the varia- 
tion in si/c of the coarser particles. The suitability of a material 
for ciiibankincnt construction can to scmie extent be determined bv 
cxjx'rinicnts. It siiould be strongly cohesive and plastic when mixed 
with water, and should be im|K'rvi()us; but the correct valuation of 
natural mixtures recjuircs mucli experience in their actual use in 
construction. 

It' mxul material docs not exist alreadv mixed, artificial mixtures 
of "ravel, sand, and clav mav be used. A fairlv uniform sand or 
gravel contains about 40 per cent of porous space. If then a mixture 
be made (4' coarse ^n'avcl, line gravel, and sand, in each case just 
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enough of the finer material Inking used to fill the interstices of the 
next coarser, thert* will Ik» in the nifxturt* a porous space ecjual to 
.40 X .40 X .40 = ().4 per cent, which will reprtvsiMit the pmportion 
of clay necessary to make the mixture imper\^ious. In practice it 
will take c*onsiclerahly more to insure the filling of all the interstices, 
as much as 15 or 20 per cent, depending upon the nature of the gravel 
mixture. In any case the percentage of voids in an artificial mixture 
can be readily determined by tests with water. 

45. Core Walls. For a puddle wall of clay the minimum 
thickness ordinarily used is 4 to S feet at the top and about one-third 
the depth of water at the bottom, with a uniform batter on both 
faces. The trench is also usually made with a batter, the width 
at the bottom being one-third to one-half that at the ground level, 
with a minimum of 4 or 5 feet. 

Instead of a core of puddle, many engineers prefer a core of 
rubble masonry or of concrete, made as impervious as possible. 
The advantages of this over a con* of puddle are its safety against 
attack by burrowing animals, safety against wash in case minute 
leaks occur, and the greater ctTtainty with which a concrete wall 
can l>e made im{K»rvious, especially when* it joins the foundation. 

Masonry core walls are made of various widths. Sometimes 
in case of embankments made of gcKxl material, they are made only 
a foot or two thick, their purpose^ being mainly to prt*v(»nt the passage 
of burn)w^ing animals. Ordinarily, however, a coi*e w'all is made 
2 to 4 feet thick at the top, with a batter of \ to '[ inch pvr foot on 
each side down to the trench and then with vertical faces Mow. 
The height of a core wall should be equal to that of the highest 
water level. 

Figs. 13, 14 and 15 show cross sections of several forms of 
embankments. Fig. 13 is without core wall except in the tn^nch. 
Fig. 14 has a core wall of puddle and Fig. 15 one of concrete. 

46. Dimensions of Embankments. On the water side the 
slope is usually protected from wave action and should only l>e 
sufficient to prevent slips. With coarse material this need not \ie 
flatter than 2 horizontal to 1 vertical. With finer material it may 
need to be 2.J or 3 to 1 , or in some cases even 4 to 1 , since earth in a 
saturated condition has a comparatively small angle of repose. On 
the lower side a slope of 2 to 1 is to 1m» recommended, although IJ 
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to 1 I1U.S fn.H|iiciitly l»tfii iisvil. If fho iiiiitcriitl will staiul at 1 to 1, 
iL-s hrukoii stone, for examijlc, tlioii ii sIojh- of 1 '; to I wouiil Ik- siiitalile. 
On lii;;li enilwiiikniciits, Utiiics i)la«'<l 30 to 41) h-vt ujiart VTrticallv 
are a desirable feature. 





The top of llie dam slioiiKl extend siifficienfly alxive the higli- 
water lino to protect the material exposri! to water action from frost 
and to j;ivc a safe margin ajjainst overflowiiif;. This will !«■ e(]ual 
tu the ilepfh reached hy frost pins an allowance of 2 to ,'> feet for 
wave action, tlejiending on the exiH)snre to winils sind the depth 
'. water. 
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The width of top is frt»quently fixed l)y the requirt»ments for a 
roadway. \Vhere not so fixed it is made to vary with the height — 
from G to 8 feet for very low embankments to 20 or 25 feet for embank- 
ments 80 to 100 feet high, or, approximately, width = ^ h + 5 feet, 
where h = height of dam. 

47. Construction. In preparing the foundation the surface soil 
must be removed over the entire site of the embankment to a depth 
sufficient to reach good sound material. All roots, stumps, and other 
perishable material must \w. removed, as any such material by decaying 
offers a passage for water. For the portion to be occupied by the core 
wall, if one is used, and a certain width in any case, the foundation 
must l)e excavated to an impervious stratum of solid rock or clay, and 
penetrate for a short distance such stratum. A sound bottom having 
Ix^en reached the surface should l)e roughened in order to give a better 
l)ond with the earth filling; and if the material is solid rock, all holes and 
crevices must \)e thoroughly cleaned and filled with cement or concrete. 

After the foundation has been prepared the trench is first filled 
with the material selected. If puddle, it should l)e placed in 4- to 
G-inch layers well rammed, or cut and cross cut with thin spades 
reaching well into the layer below, just enough water being used to 
render the material plastic. Where puddle is used in a narrow wall 
it is advisable to prepare it l)efore placing by thoroughly pulverizing 
and tempering it with water, no more water being used than abso- 
lutely necessarj\ Puddle should Ih' thoroughly worked and homo- 
geneous. If concret(* is used, sjH^cial care must be taken to secure 
thoroughly good work in mixing and ramming, and in filling all 
irregular spaces in the excavation. 

After the core is built to the surface, or a little above in the 
case of concrete, the main embankment is started. If the material 
used varies in (juality, the liner and better should Ix* placed above 
and adjoining the con* wall, and the coarser plact»d on the down 
stream side and near the faces. If no cort* wall is used, the l)etter 
material should still be placed in the up stream portion of the em- 
bankment. Stones exceeding 'A or 4 inches in diameter should not 
Ik* allowed in the embankment except along the tncvs. The embank- 
ment is compacted usually l)y placing the material in layers to 12 
inches thick, wetting, and rolling with a heavy grooved n>ller weighing 
200 to .*HK) jMiunds |hm- lineal inch. 
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Much importance is attached to the work of compacting, and 
only by the In'st of sujxrvision can work be secured. The use of 
water should Ik» just sufficient to render the material plastic and 
capable of being packed, and no more. An excess of water makes 
rolling more difficult and increases subsequent settlement. 

The up-strt*am slo()e must l>e protected from wave and ice action, 
'i^his protection is usually afforded by a closely laid pavement about 
18 inches thick laid on to 12 inches of broken stone or gravel. 
Below low-water line a g(H)(l layer of riprap is frequently substituted, 
the paving ending at a berme. The foot of the paving should be 
well supported by large blocks of stone or concrete. The down- 
stream fact* is usually sodded for sake of appearance and as a pro- 
tection from rain, but may Ix^ protected by gravel and coarse material 
if mon* convenient. 

48. Outlet Pipes. I'he design and construction of the outlet 
arrangements is one of the most important and at the same time 
most difficult featur(\s of the work. This is chiefly because of the 
difficulty of laying pipes or building masonry conduits through earth 
embankments in such a manner iis to secure a perfect and reliable 
coimection In^tween the two materials. Poor work at this point is 
one of the chief caust»s of the manv failures of earth embankments. 

The outlet pi|H\s are usually of cast iron and may either be laid 

underneath the embankment and surrounded thereby, or a culvert 

of masonry nuiy Ih» constructed in the embankment and the pipes 

laid therein, or thev may be laid in a tunnel constructed in 
the natural ground at the end of the embankment or at some more 

n^mote point in tiie rtvstTvoir. A gate chaml>er containing the 
ne(vssary valves is located at some point along the outlet pipe^ or 
conduit. 

In the case of restTVoirs with comparatively low embankments 
tlu* outlet pipes are usually laid l)eneath the embankment at or near 
the lowest point. They slionid be laid on a good firm foundation 
in tlie natural impound, and should preferal)ly rest upon and be sur- 
rounded l)y a lu'd of S to 12 inches of rich concrete, well rammed 
into the trench and left ron^^h on the outside. To enal)le the earth 
to be more th()i()ii«^hlv Ixnided with the concrete, cut-oil' walls should 
It projecting out from the main body of the concn*te, 11 to 
as shown in Fig. 10. 
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For some reasons an o[K'[i culvert is niii<-h to l>e prefiTrf<l to a 
simple pipe. C)n<« toiistructeii. additional pi]>es may be laid tlit-rein 
at any time; the pipes may also be readily inspected, and any teaks 
that occur in them do not endanger the structure, a matter of especial 
importance where the pipes are under heavy pressure. The same 
precautions ranst be taken in the const nut ion of culverts as in the 
laying of pipes. They must have a gowl firm fouixlation and a 
good bon<l with the surrounding embankment. Iraperviousness is 
secured by the use of a ri<'h mortar and by plastering on the outside 
with Portland cement mortar neat or 1 to 1 . Cut-off walls <ir pro- 
jecting courses should be built around the ontside at intervals as 
described for pipe outlets. At the <-onnection with the gate bouse « 
cut-off wall is put in through which the pipes pa.ss, anil which mn.st 
sust^n the full hcail of water. 

Figs. 16 and 17 show the two general mctluxls of laying pi[>es 
through eml>anknienLs. 




Fit;. 18. Sti'tiuu Thruut'li Mlnutupolls Kf>M:rvolr, 



49. Qate Chambers. Tlie gates or valves controlling the flow 
through the outlet pijies are phuvd in small miusonry chambers, 
which, l>e.sides allowing of convenient o]KTation of and access to the 
valves, also usually contuin scrtn-ning chunilKTS and valve arrange- 
ments whereby water may Ik- drawn from <lilfercnt levels. (late 
chambers are preferably platvd at or near the up|MT end of the outlet 
pil>e3 in onler that the pres.sure therein may In- under control. They 
are, however, .scmietimes placed at the outer toe of the embankment, 
but this is undesirable, as it is imjtossible to shut olf the water from 
tile pipes in case of leakage e.\(rpt by tlie use of divers. Fig. Hi 
shows the gate chamber plac-ed near the middle of the embankment, 
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Fin- 17 shows it placitl at the iipper end of the outlet pipe. 
(ivaiitagi- of the latter arrangement is that water may be drawn 
from different levek so as always to 
get water of the best quality. Fig. 18 
shows a gate chamber for a small 
works located as in ITg. 17. 

The masonry of the chamber is 
usually of heavj- rubble, faced with 
ashlar and lined with hard brick or 
cut stone. It should be laid in rich 
Portland-cement mortar to secure im- 
perviousness. Tlie walls will varj- in 
thickness with their unsupported 
length, or the size of interior cham- 
ber, but the exterior walls are usually 
ma*k 3 to 4 feet thick at the top, with 
an increase of about three-fourths 
inch to 1 inch in thickness per foot of 
depth, ihe batter Wing made on the 
outside for convenience and to fnr- 
nisli a better bond with the earthwork. 
Interior walls may l>c made of slightly 
less thickness. The foundation should 
be prepared with great care, as un- 
equal settlement is liable to iK'Cilr, 
causing cracks in the masonrj' of the 
culvert and displacing the outlet 
pi|)es. 

Fish screens are usually copper- 
wire screens with J to j-inch mesh, 
f«stene<l to w(»o<len or iron frames 
and arranged to slide in grooves in the 
niiisonry. They are arranged in pairs, 
anil each .screen is made up of .several 
Fiubank scctioiis of a siw convcuieiil to handle. 
The gate cIiamlHT is sunnounte<l 
whii'li is k>catcd the o])erating mechanism of 
As this buikling is frctpiently <piitc prominent, 
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it is imjHtrtuiit tliat it In- given an artistic trcatnifiit suited lo the 
surruiiiidings. 

50. Waste Weirs. As already noted, one of tlic most fruitful 
causes of reservoir failures is insufficieiiey of waste weir capacity, 
resulting in the overflowing of the dam and its rapid destruction. 
Mention need only l)e made of the teml>lo Johnstown disaster in 
1SS9, wliere, on account of insufficient wastcway, an earthen em- 
bankment was destroyed, resulting in the loss of over 2,000 lives 
and the destruction of property valued at 3 to 4 million dollars. 




miaHPfp9 



Gate Chamber, Ipsnich, Mass. 



In section 14 the .subject of maximum AckmI flows was fully dis- 
cusse<l. Tile maximum fliHw! having been estimated, it remains to 
provi<le some safe memis whereby it miiy be pHs,sed to the vsiUey 
below. 

Iliis is d()ne in three iliffen^nt ways: (I) A wa.steway may lie 
excitvat('<l in the niitiiriil ground iit one or both ends of tlic dam. 
Where die fimiKiation is of n«-k this is a veri- .safe and cfleclivi- form 
of wastewav. 
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(2) The wasteway may sometimes be formed at some low 
point in the divicHng ridge, and the water led to another valley. 

(3) The third form of wasteway is provided by making a 
portion of the dam of masonrj' designed as a spillway, and placed 
at about the axis of the valley. The forms of such dams are dis- 
cussed in detail in section 54. At the junction of the masonrj' and 
the earth portions, the lower slopes of the embankments must be 
retained by heavy wing walls built out from the masonry dam. 

The requisite capacity being known, the length and depth of 
weir are to be determined. Either mav be assumed and the other 
computed by means of the weir formulas as given in "Hydraulics." 
Weir heights will ordinarily range from 2 to 4 or 5 feet, with lengths 
of 50, 100, or even 500 feet, or more, depending on the requireil 
capacity. In any case the flood line determines the height of the 
main part of the dam, while the weir crest determines the storage 
capacity. 

riASONRY DAflS. 

51. General Conditions. Dams of masonrv can safelv be 
built only upon vcrv' firm foundations. Low dams of a height of 
20 or 30 feet, and occasionally higher, have been founded on firm 
earth, but high masonry dams should be constructed on nothing less 
substantial than solid rock. In any case it is necessary to prevent 
practically all settlement, for with a material such as masonry any 
appreciable sc^ttlement is (juite certain to cause* cracks. 

]\Ltsonrv dams arc designed in acconiance with theoretical 
considerations so as to fulfill the following conditions: (1) The 
dam must not overturn or slide on its foundation, and (2) the pres- 
sures in the dam or foundation must be within safe Hmits. 

The first consideration will govern the design of all dams up 
to a liei<rlit of 100 feet or more and are therefore the onlv considera- 
tions which will l)e taken into account here. 

Dams lip to 30 or 40 feet in height are usually made trapezoidal 
in form, the saviny: ol>taine(l hv making: the faces curved or on broken 
lines not Ix'ini; enoiijili to iiistifv tlu* extra troui)Ie. 

I/ct AR D (\ Fig. 1!), be a section of a trapezoidal dam. I^et 
the iliineiisions i>e as re])resente(l in the figure. Further, let w 
weight of a unit volume of water, and w' - weight of a unit volume 
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of iiuusonrv. Ia'I y — sj)ecific gravity of the nuusonrv 



tr 



The water pressure is represt»iitetl by P and the weight of the 
(lam hy (i, and it is iissunied that the water level is at the top of the 
dam We will consider a length of dam 
(,f one foot. The height is known and 
the top width a and front batter m are as- 
sumed. I suallv the front face A (\ is 
made vertical, or at a slight batter of 
one inch to the foot or so. In the 
former case m —0 and in the latter 
rn = -j^o h. 

From principles of mechanics we 
find the following value of the width 
of base ^, 

/- I A r B"-B 
in which 




^.' IN [Z>- 

i- / 4 

Fig. 19. Trapezoidal Dam. 



(3) 



A ^ -^ ii' -r 2 '/ /// -t 
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In solving pmblems the numerical values of A and B should 
first l)e obtained and these values then substituted in the formula 
(3) for /. 
If m =- 0, as for a vertical face, then 



/ :- 



f) . Ir n 



\ 4 



if ! 



[I 



') 



(4) 



Example. What width of base will be required if // 20 ft.; 
a - .") ft.; and the weight of masonry be considert»d 2M times the 
weight of water, or r/ — 2.3. Ia'I value of /// l)e 2 feet, giving a 
batter of 1 in 10. 



(letthig first the* vahies of A and B we liave A 



*> 1 



20 • 20 
2.3 



o . o 



- 221 B - 
2.3 2.3 



- ,) ^ ;) 



;> 



-i 9 •.. 



-i - 9 ,37 



Then / - I 221 2.37 • 2.37 - 2.37 =- 12.7 ft. 



Ans. 
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For darns exceeding 30 or 40 feet in height, it is economy to 
build the lower face in the form of a curve or broken line. The 
simplest way of calculating the section of such a dam (up to a height 
of 100 feet at least) is to treat it at first as similar to the form pre- 
viously considered, but with a vertical upper face and top width of 0. 
Then the formula for bottom width becomes 

V g 

This gives the triangular section A B C in Fig. 20. This form can 

then l)e modified by adding a suitable width a at the top and joining 

the point F with the sloping face A C by a 

smooth curve F D. 

52. Top Width and Heisrht Above 

Water Line. If the dam is to be used as 
a driveway, the top width will have to be at 
least 8 feet l^esides width of parapets. 
Otherwise the width and height above high- 
water line must be such as to secure sta- 
bility against wave and ice action as just 
noted, and to prevent waves from washing 
over the top. In practice the width varies 
fn)m a minimum of 4 to 5 feet for low dams to 15 or 20 feet for 
very high dams; and the height above high-water line from 2 or 3 
feet to about 10 feet. In some cases much larger dimensions may 
be recjuired for low dams than those given. 

53. Construction. For large dams the foundation should 
lx» solid rock. In preparing the foundation surface all loose and 
partially decomposed material should Ik' excavated until a firm base 
is reached. If the bottom is smooth it should be roughened by 
excavating shallow cavities in the rock. At points where crevices 
occur the excavation must l)e carried down to a solid bottom and 
all loose material must l)e n^moved. After an acceptable surface 
is rt»aclied it should l)e thoroughlv washed or scrubl)ed with water 
in order that there may 1k» a secure* bond between the foundation 
and the niasonrv. 

Unconrsed rubble or concrete is usually employed in dam con- 
struction. The obj<»ct to be attained is to s(»curt* a homogeneous 
structun', free from all through joints or weak places of separation. 




FiK- 2(1. Cur veil-Face Dam. 
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(oncTvtc, H't'li |jlu(i-d, U ill thU res{K'rt an ideal material. Itiiblile 
inasoniy, in wliioh all joints art- thiirmigtii)' lilleii with inortur, and 
laff^r spa<re» with foncrete, lia.s lxi-n used for most o! the liigh dams. 

In constnictinp thp musonn' tin- prinripul jioiiils to Ik' empha- 
si74Hl are clean surfat^s, irregular surfaces, joints altsolutely filled 
with compact murtar. great care to give gixHi Iwdding, and constant 
sui>ervlsion. Mortar and cement should l»c thoroughly rammed 
into all spaces, using for this purpose suitalilc forms of rammers. 

In the construction of dani.s of moderate height, earth hacking 
is often carrietl up to the water level with a slope of 2 or ^ to 1 , as 
in an earthen dam. 1 f a ilam i.s located on a jmrouM or bad foun<lation 
or on one of earth, a good, compact hacking will much reduce the 
percolation untler the -lam, and therefore the tendency of any upward 
pressure, and will add consiiiemlily to the safely of the stnicture. 
It is especially applicable to spillways in earthen embankments. 

The arrangements fur d^a^^iug water from the reservoir are 
similar in general to those de.scril>ed in the last chapter. The outlet 
pipes are built in the inasiiury at or near die lowest point of the dam, 
and terminate in a gate chamber constructed just above and in con- 
nection with the dam. The gate chamlwr has the .same functions as 
explained in the case of earthen embankments. No danger Is here to 
be apprehended fruni construcling the pipes in the l)o<iy of the dam, 

54. Masonry Waste Weirs. Masonry dam.<} are not u.sually 
designed to allow water to pass over their entire leugtli, but a certain 
portion only i.s made to act as a waste weir. The form of u masonry 
weir depends much upon local conditions, chief of which are height 
of dam, character of foundation, amount of ice and driftwood to be 
expected, ami (piitntity of water to lie provided for. A weir is essen- 
tially a liam with its top and lower face so constructed as to permit 
the water to pass over if witliimt damage. Besides the design of 
the profile, the protection of the stream bed below the dam is a very 
important feature, as many ilwms have been undermined by failure 
at this point even where the bed has been solid rock. 

Figs. 21. 22 and 2.3 show three forms of wa.ste weirs. Fig. 21 
permits tlie water to fall vertically and is .suitable for small heights; 
Fig. 22 is preferable for larger quantities of water and greater heights; 
while Fig. 2.'{ represents a form of construction suitable for tJie 
largest darns. 



m 
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55. Timber Dams. Where a dam is constantly siibmerp;etl, 
a finilHT stnuture is of a jXTinanent nature, and will need Repairs 

onlv on aecH)unt of the wear of 
the apron. A timl)er dam may 
also Ih» advisable in certain cir- 
cumstances even when its life 
will l)e short, as, for example, 
where a temporary' supply may 
l)e furnished pending the con- 
struction of more pt*rmanent 
works, or where the expense of 
j)ermanent and costly stni(»tures 
is for the prestMit prohibitory'. 




FiK. 21. Wast «• Weir. 




1'Ml'. 2». Waste Weir. 



Such dams an», however, ustul mostly for diversion puqxxses or for 

wat(»r power, and .seldom for the 

storage* of hirgt* volumes of water. 
Timln'r dams may Ix* con- 

structcd on anv kind of a founda- 

tion, but aiv usually built on rock 

or on a gravelly l)ed. '^I'liey con- 

si.st of cribs or frames built of 

logs or .s(|uan»d timber, filled with 

stone and clay, and planked over to render them water-tight. They 

may be built as separate cribs in 
sections, each section c*onsisting of 
perhaps 8 to 4 cribs, or as one con- 
tinuous framework. The former 
method is esjx^cially useful in deal- 
ing with large flows and irregular 
foundations, the stream being 
gradually closed as the sections 
an* constructed. The cribs mav 
also be filled and sunk separately 
so as to form piers on which a 
continuous structure may be 
buih. 




Fii:. •>:{. Waste Weir. 



The foundation of a crib dam, if soft, is prepared by dumping 
stone over the area to be built upon. In the framed dam the founda- 
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ii.ti lml^t 111- iiuirc .■un^fiillv piriiari'*!. \\\\fn- it is siifl llic liaiii is 
>iip[H>rti>il oil piliiiE, am] ^liLt'l-|)iliiiy is luscd lo pivwnl iimlcHlow. If 
tin- (lain is bnill on >i. nxk iHittorn. it must 1m' linltt-il tlicnto. 'I1ie 
framework is usually '"lilt with a sloping iip|»er faif and a scries of 
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^tcpjH'cl iLprons ix'low, or a sin^ili* frw wall to n water cushion. Uiwk 
and gmvfl, ur piidille. is nseil for filling. Fig. 24 shows a form of 
iliiiii on pile foundations and Fig. 25 a dam anchored to solid rock. 

56. Loose Rock Dams. Dams romposed lately of loose ntcU 
Imvp Ik-i'ii nseil to it ninsideralilf extent, and in some respects present 
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con.'^idernliU' advantiiges as to stability. Another advanta^- is tliat 
tlwv cuin Im* uin.striK-ted in running water, but the finished dam is not 
I suited to act as a waste weir. 

Tho liiidy of the ilam is made of loo.se rock placed with more or 
i can-. !Unl rendered eoinpanitively iniix-rvions by a slu-atliing of 
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plank, or hy a facing of earth or line material on the upper facv, or, us 
in one case, hy a cort* of steel. As reganls stahility the principle of 
construction is of the U*st. Sini*e considerahle }K'rc()lation is likely to 
take placT, such a dam cannot l)e founded on a material liable to sciHir; 
and if tlie dam is high, the foundation should lx» solid roek. The lower 
slope* is usually 1 to 1 , while the uppt»r slopt* may be made ^ or 4 to 1 ; 
hut to secure* these* steep slopi\s it is nect\ssarj' to lay the stone for a 
considerahli* thickness as a drv wall. Above this wall the facing of 
timlHT or earth is placrd. "^rhe former material is objectionable on 
account of its jH»risiial>!c nature. 



WATER SUPPLY. 

PART II. 



CONDUITS AND PIPE LINES. 

PIPES. 

57. ilaterials and Stresses. Where the sourer of supply is 
at a considerable distance from the plaw of consumption the design 
and construction of the necessary works for conducting the water is 
a matter of great importance* and demands s})ecial consideration. 
Usually a distant source is at a higher elevation than the vhy to l)e 
served, so that it will l)e possible to convey the water partly or wholly 
by gravity. In many cases, however, a part or the whole of the water 
will require pumping, so that the design will also involve a study of 
possible pumping arrangements. It will usually Ih» necessary to 
consider several designs based ujK)n diffen^nt locations and often 
upon different types of conduits.^ 

A variety of materials may be employed for tlie construction of 
water conduits. If the conduit is not under pressure, the form of 
construction used may Ik* an open canal dug in th<' natural earth, or 
a masonry conduit in ** cut and cover," or a tunnel. When* the water 
flows under pressure? the first two types are not suitable and a pipe, 
or possibly a tunnel, must Ix* employed. 

The materials used for water pijxvs art* cast iron, wrought iron, 
steel, wood, cement, vitrified clay, lt*ad, and occiisionally a few other 
materials. The important r<*(juirements for a water pipe are .sti-ength, 
durability, and low cost. The relative importance* of these reejuire- 
ments will vary under different cin'umstan(*es, and this will lead to the 
use of different materials in differ(*nt casi*s. 

The tensile .stress in a water pip* under pr(*ssun* is given by the 
formula in section 10, of Hydraulics, 
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where S ^- tensile stress jxt scj. inch 
p pressure* in lb. per s(|. in. 
r - radius of the pi[x* in inches, 
t = thickness of pipt» in inches. 
If/* represents the safe tensile strength of a pipe material, then 
the required thickness to resist the pn»ssun» will Ih» given by the 
formula 

^-^ (7) 

Example, What will be the required thickness of a steel pipe 
3 ft. in diam. for a water pressure of 100 lb. {x»r s(j. in. assuming the 
safe stress = 10,000 lb. per s(|. in. 

T. i. , ^ 1^>0 >. IS ,,, . , 

rnym formula 7, / = m/uu^ "" ^'^ inch. Ans. 

J(),iKK) 

Besides the str<\ss due to steady water pressure, the pipe must l)e 
strong enough to resist the shocks due to the sudden stoppage of 
flowing water, called wafer hamnur, also the pressure of the surround- 
ing earth and the action of other outside forces, changes of tempera- 
ture, and blows and shocks Received in transportation and construc- 
tion. The stresses due to these additional forces cannot he accurately 
calculated; but they are allowed for in practice by various empirical 
rules. 

58. Cast-iron Pipe. Cast iron is the most widely used 
material for water pipe. By reason of its moderate cost, its durability, 
and the convenience with which it may be cast in any desired form 
it is almost universally employed for the pipes and various special 
forms of distributing systems. It is also frequently employed for 
large pi[)e lin(\s, and is now easily obtained in any desired diameter 
up to feet or more. . Cast-iron pipes are made in lengths of about 
12 feet, which are joined together usually by the l)ell-and-spigot 
joint run with lead. Branches and other iYn»gular forms are used for 
connections. These are called special castings, or simply "specials." 

A formula for the thickness of cast-iron pij)e appHcable to 
diameters up to 3 feet is Jis follows: 

/ (p , 140-4 r) ,^^ .^ 
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where / = thickneas iit inches; 

p = static pressure in pounds per s(|uare inch; 
r = radius of pipe in inches; 
0.25 = allowance for eccentricity, deterioration, and safety 
in haiidtmg. 
In Table No. 10 are given the thicknesses of pipe for various 
pressure:*, also the average weight per foot, and the total weight of 
12-foot lengths, as employed hy the Metropohtan Waterworks, of 
Boston. 

TABLE ID. 
Thickness and Weight of Water Pipe. 
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59. Joints. The joint which is ordinarily employed in this 

country is the l)ell-and-s|»igot Joint. The space between Ix-II and 

spigot is fille<l with lead, winch is calked solidly into plate .so as to 

■ be water-tight. Many forms uf In-II or socket have Ix-en devised, 

I but prarticf has come to be (juile uniform on this point. 

In Table No. II are given various dimensions of stiindard l>ell 
nnd spigot of the Metropolitan Waterworks (Fig. 26), together with 
amounts of leail and packing reipiired per joint. 

'ITic onlimiry liell-anil-spigot joint with lead pncKing will enable 
I pipe.i to expand ami i-ontracl iiniler raoilerate changes of temperature 
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Curves of large radius can l)e constructed with straight pipe by 
deflecting each length slightly. In this way it is possible, with a 
reasonable deflection, to lay 4 to cS-inch pipe to a curve of 150-foot 
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Fiji. 20. .Staudurd Bell aud Spi^'oi. 

radiii.s, a Hi-inch |)i|)c to a 250-f()()t radius, and a .'^()-inch pi|K» to a 
500- foot radius. 

TABLE 11. 

Dimensions of Standard Bell and Spigot, Metropolitan 

Waterworks, Boston (Fig. 26). 
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60. Special Castings. Tlic ordinary special ca.stings required 
arc tlic }, 1, and ,\. bends or curves, T's and crosses, or three-way 
and four-way branches, ^' branches, blow-off branches, offsets, 
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sleeves, caps, and plugs. The various forms are illustrated in Fig. 27. 
Many of the larger cities have their own standard designs for specials 
as well as for straight pipe, which differ more or less from the manu- 
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Fig. 27. Special Cast-iron Pipe Fittings. 



Sleeve. 



facturers* standanls. For the smaller cities it will Ik» much the 
more economical to use either the manufacturers* standards or those 
of some neighboring large city. 

The various branches are manufactured either with part 1k*11 and 
part spigot ends, or with all lx*ll ends. The latter form is usually 
preferred for branches, as it enables connections to Ix* readily made 
by means of pieces of pipe. 

61. Wrought Iron and Steel Pipe. Wrought iron and steel 
have l)een uscmI to a considerable extent for water pijx^s, and for large 
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pipe lines thest* materials present considerable advantage over cast 
iron. Since steel is much stronger than cast iron, the use of it will 
give a much lighter pipe, an advantage as regards transportation, 
but a disadvantage as reganls durability, especially for small sizes. 
Special forms are not so readily constructed of steel, so that for dis- 
tributing mains cast iron is much preferable. Another disadvantage 
of steel pipe is that with the ordinary riveted joints a ct)nsiderably 
larger pipe is required than if a smooth cast-iron pipe is used on 
account of the increased friction. 

Small sizes of pipe may l)e made by means of the lajvwelded 
joint, or the spirally-riveted joint, or the longitudinal laj)-rivcted 
joint. Such pipes are made in sections of 12 or 15 feet which are 
«)nnected in the field in various ways, such as by a screw coupling, 
or by means of a cast-iron bell and a spigot cx)nsisting of a steel or 
wrought-iron band, or by riveting, or by merely driving the sections 
together. For large sizes riveted longitudinal and circular joints are 
usually employed. Single sheets are bent and riveted to form one 
section of pipe, which may be made either cylindrical in form, or 
made with a slight taper and the sections put together stove-pipe 
fashion. The design of the riveting is too large a subject to be taken 
up hen\ 

(^hanges in direction are usually made by forming one or more 
joints at a small l)evel. Two or three standard bevels of small angle 
may lx» adopted, and any desired curve made by the use of one or 
more of these bevels. Branches, etc., for the ordinary sizes of pipes, 
are usually made of cast iron and are riveted or bolted firmly to the 
steel pipe. Valves are joined to the pipe in a similar manner by 
means of cast-iron flanges. 

62. Wooden Pipe. The manufacture of bered pipe for water 
mains has l)een somewhat revived in recent years, and a ct)nsiderable 
{iniount of such pijx* is now manufactured under the name of "im- 
proved Wyckoff pip^'.** The pi{)e is made from solid logs, but it 
(k]K'ii(ls for striMigth upon spiral bands of flat iron which are wound 
ti;j:litly about it from end to end. The exterior of the pipe is coated 
with pitch as a protection to the bands. The joints are made by 
means of wocmIch thimbles fitting tightly in mortises in the ends of 
till' pi]x', JUid, ill laying, the sections art* driven together by means 
ut a wooden ram. The interior surfaw is smooth and continuous. 



WATER SUPPLY 75 



The pipe is made in sections 8 feet long, and in sizes from 2 to 17 
inches in diameter. The bands are spaced according to the pressure. 
Branch connections are made by means of cast-iron specials which 
have long sockets into which the wooden pipe is driven. About 
1,500 miles of this pipe is reported to l>e now in use. It is very 
durable and is said to cost somewhat less than cast iron where the 
transportation charges are not excessive. Wooden stave pipe is 
another form that has been extensively used in the West. 

The durability of wooden pi[)e is chiefly a Cjuestion of the life 
of the bands. Wood, itself, when kept saturated with water, has an 
almost indefinite life, old water mains in Philadelphia, New York, 
and Boston having been found {perfectly sound after sixty or seventy 
years of use. 

63. Vitrified Clay Pipe has l)een employed in a few places 
for conduits. It is cheap, indestructible, and when the joints are 
carefully made the leakage is very small. It is generally used under 
no pressure, but in one or two instances has been designed to carry 
considerable pressures. 

64. flaterials lor Service Pipes. Ser\'ice pipes, or pipes 
for conducting water to individual consumers, are made of a con- 
siderable variety of materials. Galvanized, tin-lined, lead-lined, 
and c*ement-lined iron pipe are widely used, but the most common is 
lead pipe. Lead pipe is practically indestructible, but rather ex- 
pensive and heavy for high pressures. In some places it cannot be 
used with safety on account of the danger of lea^l poisoning. Certain 
waters onlv will attack lead to a sufficient extent to render its use 
dangerous, but, despite the study that has l^een put upon the subject, 
it is not yet fully known, without actual experiment, what effect 
various classes of waters will have. 

Tin-lined pipe is now being used to a considerable extent. It 
is (juite expensive, but the experience with it so far indicates that it 
may be very durable. 

CONSTRUCTION OF CONDUITS. 

65. Classes of Conduits. Conduits an* divided into two 
general classes: (1) those in which the water surface is fret» and the 
conduit therefore not under pressure, and (2) those flowing under 
prt\ssure. To the first class In^long open canals, flumes, acjueducts, 
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and iisiiallv tunnels, and to the latter lx*long pipe lines of iron, steel, 
W(kmI, or other material <'apal>le of resisting hvdraulic pressure, and 
soint'tinies tunnels. Conduits of the first class must obviously be 
constructed with a slo|x- ecjual to that designed for the water surface, 
or equal to the hydraulic gradient. This will lie a ver}' light and 
uniform slojx-, and such conduits will therefore* often require in their 
construction long detours to avoid hills and valleys, or resort must 
Ir> had to high bridges, emhankinents, cuttings, or tunnels. Conduits 
of the second class mav Ik- constructed at anv elevation l)elow the 
hydraulic grade line. 

Long conduits usually include both masonr}' a(|ue4lucts and 
[)ijK' lines, each class In'ing used where most suitable. ITie fonner 
is used as a rule where the ground lies near or alx>ve the hvdruulic 
grade line, and the latter where it lies below for any considerable 
distance. High and long acpieduct bridges are no longer built, a 
pressure conduit Iwing substituted, which may follow the ground 
profile closely. 

66. Canals. The oj)en canal is not often used for conveying 
water for city use, but foi irrigation purpost»s it is the common fonn 
of conduit. For the former purpost* it has several objections, such 
as loss of water by j)ercolati()n and evaporation, exposure of water 
to pollution from surface' drainage and otherwise*, and exposure to 
sununer heat, which not only warms the water but promotes vegetable 
growth. However, where a canal can Ik» constnicted with little 
cutting or embankment, and when' the material is nearly imper\'ious, 
it mav 1m' the Ik'sI form of construction. 

'J'lie allowable velocities for unprotected canals var}' from alx)ut 
I ', to 2 feet avera<je velocitv for li<j:ht sandv soils, 21 to 3 feet for 
ordinary firm soils, and .*> to \ feet for hard clay and gravel. In rock 
or hard])an ."> to (i t'ect may Ik* allowed. A velocity of 2 to 3 feet per 
second is sufficient to prevent silt deposits and the growth of weeds. 

The velocity and discliarge for any given slo|>e and cross-section 
is calculated fnnii Kutter's I'onnula as explained in Hydraulics. In 
nsin;^ this t'onmila llic selection of a proper value of n is a matter of 
niiicli imciTlMinly. For nnlincd channels it is usually taken at .020 
to .()-.'). ir vcgctnlioii is allowed to accunndate in the canal, a large 
allowance must Ik» made tor increased resistan(v caus(»d therebv. 
The (•r()s«^-s(•(•li^)n of a canal is usnallv traiHV.oidal in form, Fiir. 2S 
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shows a section built principally by embankment. Clay puddle is 
placed in the center of each embankment. 

Side slopes in ordinary soils will vary from 1 to 1 for hard clay 
and gravel, to 3 to 1 or 4 io 1 for fine sand. The tops of the bank 
should be from 1 to 2 feet above the water line. If the soil is very 
porous, a lining of concrete or puddle may \w. necessarj\ 

At sharp bends, and wherever the velocity exceeds the safe 
velocity for the material, some form of revetment is necessary. This 
may be merely a layer of gravel, or a paving laid dry or in cement, 
or a layer of concrete, according to the velocity of the water. 

Waste weirs and sluice gates should \ye provided at inter\-als 
along the canal to prevent flooding and to {permit of rapid emptying, 
but the flow in the canal is regulated for the most part by sluice gates 
at the head of the canal. These and other forms of canal gates are 
supported either by masonry walls or by timl)er framework. 

Canals are carried across valleys on trestles or bridges, or, in 
the case of short crossings, on embankments with a culvert or arched 




Fig. 28. Canal Section in Kmbankinent. 

bridge beneath. Under crossings are made by means of inverted 
siphons of pipe. 

67. Masonry Conduits. For conveying relatively large quan- 
tities of water over territory where the conduit can readily follow 
the hydraulic grade line, the masonry conduit is a preferable form 
of construction. If properly constructed it is very durable, recjuirtvs 
little attention, and if the topography is favorable it is nuich cheajxT 
than large pipe conduits of iron or steel. Masonry is unsuited to 
withstand tensile stresses, hence it is not used to convey water under 
pressure. Masonry conduits should not often Ix? employed for cross- 
sections less than 10 or 15 square feet, for, unless the location be very 
favorable, their cost for such small sizes is likely to 1k» grt^ater than 
that of steel or iron pipes. The velocity should prt^ferably l)e such 
as to prevent deposit of sediment, which rt»quires 2\ to 3 feet per 
second average rate; and for brick or concrete masonry it should 
not exceed 6 or 7 feet per second. Higher velocities may l)e allowed 
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lar fiirm has often l»een used, i 



if sttme niJu-WMiry of Iianl material is fiiiployed, or if a lining- of iron 
or st(fl is ii.sctl. If sufficient Iiea<l is available, a -smaller comiuit 
will result if tlie velocity is nia4le as large as the material will stand 
without liiiiifier of extx'ssive wear. 

Kutter's form Ilia is iisiiully employed in these calculations. 
(See H_v<lraulie.s.) The value of n to be used will van- with the 
character of the masonry about as given in Hydraulics. 

Brick'is the most suitable material for linings, and is commonly 
used also for the entire arch crown. For the side walls and founda- 
tion, rubble masonry or concrete 
is employed. For places of great 
wear paving brick in cement is a 
good substitute for granite. Con- 
crete is U'tter suited than either 
stone or brick for irregular forms 
and especially for light sections. 
For small aqueducts a rectangu- 
.s in Fig. 29, the cover being of stones, 
slabs, or arches. For large sizes the horseshoe shape is better adapted, 
as shown in Fig. 30, which represents the form adopted for a large 
conduit for Boston. 

Tile thickness of the arch is made almut one-tenth to one-sixth 
the width of the op<'ning, and of two, thvpe, or four rings of brick, 
or a corresponding of concrete, 
depending on s[>an and weight of 
covering. The arch is generally 
segmental in form. The invert, 
in ninipact ground, is made only 
thick enough to .secure a firm aiul 
imjHTvious Imttom, two or thn-e 
rings of brick, or a thin layer of 
concrete with brick lining, l»eing 
usually eniployeil. .MinilR-r foun- 
dation and sometimes piling may 
lie required on soft soils. ScdIemenI must l)e reduced to very low 
liniils, or cracks and leakage will result. It is unnecessary to state 
lli.ii in work of this kind the masonry mu.st be constructed with the 
Tuiisl .-Mccfid supervision. Concrete and stone masonry shou hi be 
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In Oxr^^act Earth. 

\.^t^r Conduit. 



WATER SUPPLY 79 



given one or two finishing coats of thin neat t*t*nu iit to secure iinper- 
viousness, the last coat to Ik» finished as smooth as practicable. If 
carefully done, and no settlement occurs, the leakage will bt» slight. 

The afjueduct should be covered to a depth of 3 or 4 feet to 
prevent the formation of ice and to protect the masonr}\ Embank- 
ments should be given a slope of \\ to 2 horizontal to 1 vertical 
according to the nature of the material. They should be trimmed 
to a rounded outline and then sodded. 

Culverts for crossing small streams, and bridges for larger ones, 
are a part of the design. Some of the most monumental w'orks of 
history are the bridges which have been built for carrjing aqueducts. 
Large aqueduct bridges are now seldom constructed, pipe lines being 
substituted, but bridges of moderate size will often be the more 
economical design. 

68. Pipe Lines. As to location, a pipe line must follow in 
general the variations of the ground surface, and such a location 
should be selected as will enable it to do so and at the same time 
give low pressures. 

Where the total available head is fixed, the size required for any 
given capacity is readily determined by the table of the flow of water 
in pipes in Hydraulics. In case the water contains sus{>ende(i matter, 
it is desirable to maintain a self-cleansing velocity of 2 to 2^ feet jx^r 
second, otherwise the sediment must be blown out at frequent inter- 
vals. If the line is divided into sections by resi^rv^oirs or overflows, 
the size of each section is determined indepi^ndently of the others. 

If pumps are used to force the water through the pipe then the 
proper size depends on the relative cost of pipe, and of pumping 
against an increased head. A large pipe gives low^ friction head of 
the water and therefore saves in pumping expenses, but a large pipe 
is more expensive than a small one. In general it may be assumed 
that a proper size of pipe is one which calls for a velocity of flow of 
from IJ to 2i feet per second, the former value for pipes of to 12 
inches in diameter, and the latter for pipes of 3 or 4 feet in diameter. 

6*9. Laying of Pipes. Trenches for water pipe are not 
usually deep enough to require much bracing or sheeting, the depth 
being ordinarily only sufficient to give the necessarj^ covering. Deep 
trenches will, however, be required occasionally, as where the pipe 
line crosses a high ridge extending above the hydraulic gradient. 
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Hie laying of cast-inin j)i|>e is usually liegun at a valve or special. 
Small |)i|K» up to (J or S inches in diaineter is easily handled without a 
derrick, the s(»ctions Ikmu^ lowert»(l into the trtnich by two or thret* 
men. In laying, cart* should be taken to enter the pipe to its full 
de[)th and to see that there is sufficient joint space all around. If 
S[)ecial strength is not required, this packing may nearly fill the space 
back of the enlargement or V-shaped space in the bell. The remain- 
ing space is filled with molten lead. In pouring the joint the lead is 
guided into the space by a jointer, commonly made of clay formed 
around a length of rope. This is placed about the pipe so as to press 
against the hub, exci»pt at the top, where an opening is made for pour- 
ing. Patent jointers are better for large pipe and difficult work. 
After jK)uring, the lead is loosened somewhat from the pipe by means 
of a chisel and set up by calking iron and hammer. To do good 
work there* should be plenty of room around and under the pipe. 
In w(*t tn»nches and with small pipe, two or three sections may l)e 
joined In'fon* lowering. Riveted pipe should be connected up in as 
long sections as practicable lx*fore l)eing transported to the trench, 
so that as much of the riveting may be done by power riveters as 
possible. 

When placvd in the trt»ncli the pipe should have an even liearing 
on firm soil or on blocking, and should l)e well supported while the 
joints an* Inking riveted. The riveting is usually done by hand, but 
power riveters have Ikhmi usvd in a few cases. After riveting, all 
field joints sliould bt* calked, and thesi* and all other abraded places 
painted. Sonic iv-calking may be needed after the pipe is tested. 

In constructing the pipe system one of the most important points 
to settle* is the depth at which the pi{)es should be laid. In warm 
climates a covering of 2 to II feet is sufficient. In cold climates the 
de|)tli to Ih' adopted is that which will be sufficient to prevent freezing. 
In a general way it may Ik* stated that for a latitude of 40° the depth 
of cover should Ik* 4 to (J feet and for 45° should l)e 6 to 8 feet, the 
smaller depths being used east of the lakes and the greater depths 
for llie coiintrv U'tween the lakes and the Rocky Mountains. In 
sMiidy soil llic depth should Ik* gR*ater than in clay. 

70. Special Details. To enable a pijx* line to be readily 
ins|)((tt(l and ix'])aire(l, stop valves should Ix* inserted at intervals of 
1 or 2 miles, and especially at important depressions and summitsu 
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Otherwise to empty and ivfill a long conduit would recjui re several 
days. Valves of all kinds and designs an* furnished l)y various 
special manufacturing concerns. 

At every summit of a jhjk* line anci at shut-off valves there should 
\)e placed an air valve to jHTuiit the escape of air on filling, the en- 
trance of air on emptying, and frequently the escape of air which 
may gradually accumulate at summits. At all depressions, blow-off 
valves should l)e provided, the waste pipes from which should be 
led to a sewer, stream, or drainage channel. These valves need be 
only about one-third the size of the main pip)e. Check valves should 
\ye introduced at points where a brt»akage would p)ermit a large loss 
of water by backward flow, such as at the entrance to reservoirs, 
at the foot of long upward inclines, and in force mains just l>eyond 
the pumps. Safety valves, or pressure-relief valves, are occasionally 
used at the ends of long pipe lines or wherever water hammer is 
especially to be feared. They art* simple disk valves opening out- 
wards and held in place by springs which are adjusted to the w^ater 
pressure. 

The upper end of a gravity pipe line is usually enclosed in 
masonry and provided with a sluice gate or valve. At this point it 
is also desirable to have a weir or measuring sluice. The lower 
end of a pif)e line usually terminates in a reservoir, where again 
valves are provided and where connections may also \ye made directly 
with the pipe system. 

In crossing under other structures, such as railways, buildings, 
sewers, etc., special precautions should be taken to avoid all danger 
of future breakage. 

Streams are crossed either on bridges, or by laying the pipe 
beneath the stream bed, or by the use of a subwav. 

In this country the common practice in crossing a strt*am is to 
lay a cast-iron or steel pipe below^ the stream bed, or else to employ a 
bridge crossing. Where no bridge already exists the former will 
onlinarily be the cheaper; and in many cases, as in navigable channels, 
a bridge could not l^e permitted. In other cases it may be cheaper 
to build a bridge especially for this purpose. At the angles at ends 
of bridge and submerged crossings special care is necessary to keep 
the pipe from separating at the joints. If the pipe line crosses an 
existing bridge, it will usually be convenient to support it beneath 



S2 WATER SUPPLY 



\Uv flooring. Whrrc a hrulj^* is built for the [niqxxsf, no floor system 
is |)iit in, l)iit merely suitable straps or stimips to support the pi[K\ 

The amount of protection retpiirecl to prevent fret*ziiig on briclgi»s, 
or at other exposed platt\s, (le[)en(ls u|X)n the size of pipe, the amount 
of circulation during jKTiods of minimum flow, the temperature of 
the air and i\\v water, [ind upon the length of the expose<l portion. 

Small lines, esjH'cially ulistributing mains, require protection, 
'^riiis is usually furnished by placing the pipe in a wooden box and 
filling around it with some non-conducting substance, such as saw- 
dust, mineral wool, asbestos, hair felt, and the like. A mixture of 
plaster of Paris and sawdust has been used with goo<l results. Any 
packing to Ik» efT(*ctive shouki l)e kept dry. The packing is often 
arranged to giv(» one or more dead air spaces around the pipe to 
aid in pn»venting radiation. 

Various metluKis are employed in laying [lipes beneath water- 
courses. In the case of small streams the usual method is to employ 
a coflVrdam and lay the pipi* as on dry land. WTiere the water 
camiot readily Ih» excluded in this way the pipe must either be put 
together Ix'fon* lowering in place or must be laid by divers. Sul>- 
merged piyx* should, as a rule, l)e laid in a trench .and carefully 
coven'd to prevent injury by waves, drift ice, boats, etc. 

X'arious s|H'ciaI details art^ used in submerged-pif)e laying, such 
as the various forms of flexible joints to enable the pipe to conform 
to the grade of the tivnch, and special joints for easy connection 
whei*c divers are employed. Submerged pipe shouki be thoroughly 
tested cither in sections In^fon' laying, or l)etter, after the line is com- 
pleted, in which case compnvssed air can be used for the purpose. 
l/<'akag<' of air will be indicated by the appearance of bubbles, and 
the ini|>crfect joints can then be calked by divers. The various 
methods of laying submerged pi[H^ will now l)e described together 
with sonic of the special details uscmI in this work. 

( 1 ) When* tJH' stn^ani is shallow, a common method of laying 
is first to connect the entire pipe, or large sections of it, on platforms 
extending across the stirani, and to lower the |)ortion so connected 
l)v means of screws. Ordinary joints can usually be employed and 
tlx' pij)c put together to fit the profile of the trench. Pipes can very 
coiivcniciitly be laid in this way from the ice during winter. 

Two cases of this metluKl of laying will l)e briefly noted. At 
(Vdar Kapids, la., ()(M) feet of l(>-inch pi}M» was laid in this way hi 
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a flepth of 2\ feet of water. A trtneh 2 feet deep was first ex- 
cavated, and framed trt»stle Ijents set up 12 feet apart. A barge 
was then run l^etween the legs of the trestles, the pipe put to- 
gether on the barge and then slung by straps fastened to IJ-inch 
threaded rods suspended from the trestles. When the entire 
pipe line was ccmnected, it was all lowered together, electric- 
l)ell signals l)eing used to securt* simultaneous action among the 
several men stationed at the screws. The cost of laying was 
$1.25 per foot. 

(2) Instead of connecting the entire pipe line and lowering 
all together, it may he lowered in sections by the aid of flexible joints, 
each section consisting of several lengths of pipe connected in the 
usual manner. The pipe can thus \ye laid and lowered from a short 
piece of trestle or from a barge. This method is especially suitable 
for deep water where trestles cannot readily be used. 

(3) Many lines of submerged pipe have been laid by joining 
several lengths on shore, towing them into position, sinking them 
and connecting them by divers. This method is especially applicable 
for large pipe lines. It has l)een used for large intakes at Syracuse 
and at Milwaukee; also at Galveston, Nashville, Boston, and many 
other places. 

71. Cost of Pipe Lines. The cost of pipe lines will vary 
greatly according to the cost of the material used. This element 
can readily be ascertained at any time by reference to current price 
lists, and the item of transportation can also Ik* quite readily deter- 
mined. Cast-iron pipes laid under average conditions will cost 
approximately as follows, assuming the pipe itself to cost U events 
per lb 

Size of pipe. - Cost per foot. 

4 inch 8 . 50 

6 '' .70 

8 " 1.00 

10 " 1.30 

12 " 1 .70 

10 " 2.50 

20 " 3.50 

24 " 4.50 



9i 



WATER srPPLV 



THE DISTRIBUTINQ SYSTEH. 
Distribution Reservoirs. 

72. Use. Tin- rule ill wliicii wiilcr is ai-timl!y us 
all iitiiform, as fully ixtinted out in scrtion (i. It varies from tl«] 
to (lay according to the season, from hour to hour attonJiHg tc tl 
time of (lay, and at times of large fires the rate will ]» greatly -ii 
creased. If all parts of a system were to Ik designed of a cu]>acit] 
e(]iial to the greatest possible rate of demand the cost wtiuld 
qiiently be prohibitive, and in most cases it would not be the mosti 
economical plan. It will usnally be more economical to siorv up a 
quantity of water in a small resen'oir or elevated tank which may lie 
drawn upon when the demand is excessive and thus relieve to soi 
extent a part of the system. 

For example, where the water is brought from the source throi 
a long conduit, a ilistrihuting or equalizing reservoir will etiabli 
conduit to be operated at a comparatively unifonii rate and hence 
to be made of minimum size. Likewise such a reservoir will make 
it possible to reduce the capacity of pumps, or filters, or other similar 
works, and to operate them more uniformly and economically; or 
in the case of small works to operate the pump.s at full capacity for 
a portion of the day only. In the case of a groimd-watt 
supply, a .small reservoir will greatly increase the rapacity of 
source by making the demand more uniform. Again, in a h 
distributing system, several reservoirs placed at dilTerent points 
effect considerable economy in the size of the pi[>e system, 
a measure of safety against the interruption of the supply fi 
accidents to conduit or machinery, distributing reservoirs 
great value. 

In discussing forms of construction, re.servoirs may he classified,' 
according to the material employed, into (1) earthen reservoirs, 
(2) masonry reservoirs, (3) iron or steel reservoirs, and (4) wooden 
reservoirs. The first two kinds can conveniently lie considered 
together, as the two materials are very often combined in tl;e .tnrae 
structure. The last two will also be treated imder the general til 
of standpipes an<l tanks. 

When the reservoir does not need to be elevated above the natiii 
surface, the most economical form, and the usual one for large c8| 
tics, is the open resenoir with earthen enibankmenls. ,Sucli re! 
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voirs are usually built with masonry walls, and covers partly in 
excavation and partly above the surface. If a reservoir requires to 
\ye considerably elevated, a steel standpipe or a tank of wood or steel 
is usually employed. 

73. Capacity. Where it is possible to construct an inexpen- 
sive open reservoir at a suitable elevation and in a good location, it 
siiould be given a capacity of several days' supply. In practice the 
capacity of such reservoirs varies from 2 or 3 days' supply up to 8 or 
10 days, and occasionally more. 

Where, owing to the character of the topography, it becomes 
necessary to artificially elevate a reservoir in the form of a standpipe 
or elevated tank, the expense of construction becomes so great that 
the economical capacity is usually less than that mentioned under (1). 
The best capacity in this case depends much upon the size of the 
city. For large cities it is hardly practicable to provide much storage 
by means of artificially elevated reservoirs, the small standpipes 
which are often used in such cases serving merely to equalize the 
action of the pumps. 

In small cities (up to a population of 50,000 or more) it is desirable 
to provide a small storage even at considerable cost, as a measure of 
safety and economy. The fire rate is here the principal considera- 
tion, and the minimum capacity should be such as to provide water 
at the maximum fire rate for a sufficient length of time to enable the 
pumping station to respond with ease and certainty. This is onli- 
narily taken as about one hour. Beyond this it will usually be 
desirable to add to the capacity enough to equalize the onlinary 
flow over several hours of the day, or, in the case of small works, 
to enable the pumping to be done by operating a part to the day only. 

In general the best size of elevated tank will range from about 
75,(X)0 gallons for very small works up to 200,000 or 300,000 gallons 
for towns of the size mentioned above. 

74. Location and Arrangement. The location of an ele- 
vated reservoir is governed in the first place by the topography, and 
the choice of location is therefore often very limited. In general a 
distributing reservoir should be located as centrally as possible with 
respect to the district to l>e ser\^ed, as this will insure the most uniform 
and the highest pressures and will give the smallest size of main 
and branches. 
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In a gravity system the conduit is terminated at a reservoir, 
and if this reservoir is centrally located a longer conduit will be 
required than if it be placed near one side of the system. A proper 
balance must be struck between the two extremes. In a pumping 
system the pumps are usually located near one side of the city, and 
the reservoir is placed either in the vicinity of the pumps or at a more 
remote point in the system. In the first case all the water is usually 

• 

passed through the reser\'oir, and the action of the pumps Ls very 
steady and uniform. Jn the second case a main usually leads to 
the reservoir from some point of the distributing system. The 
pumps force water directly into the system, and the reservoir takes 
only the surplus at times of low consumption and distributes it at 
times of high consumption. Certain portions of the area are thus 
served direct, and others are served from the reservoir. With this 
arrangement a more uniform pressure will be maintained in the 
mains, but the operation of the pumps will not be as uniform. 

The proper elevation of a reservoir depends on the recjuired 
pressure in the mains, a subject fully discussed in section 89. 

EARTHEN AND MASONRY RESERVOIRS. 

75. Form and Proportion. Earthen reservoirs are usually 
constructed partly by excavation and partly by the building up of 
embankments. If masonry walls are used in place of embankments, 
or Jis interior linings, the reservoir may l)e called a masonry reservoir. 
For single reservoii^s the form most economical of material is the 
circular, but for large reservoirs the rectangular form is more con- 
venient to construct and requires less land area. In practice the 
depths vary from 12 to IS feet, for small covered reservoirs holding 
one million gallons or less, to 25, 30, or 3o feet, for open reservoirs 
holding 50 or 1(K) millions, depending upon local circumstances. 

76. Construction. The construction of the embankment is 
based on the same principles as discussed in section 47, but the 
conditions aiv somewhat different from those obtaining with im- 
pounding res(Tvoirs. In this case the foundation is fre(|uently j)er- 
vious and the embankment cainiot be coiniected with an impervious 
stratum below. Under such conditions it is necessary to c*onstnict 
a water-tight lining over tlu* entire* area, and to carefully connect 
it with the water-tight portion of the embankment. \\Tiere a lining 
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is not necessary to secure imperviousness, one is usually put in to 
facilitate the cleaning of the reservoir. 

According to circumstances the entire embankment may l3e 
impervious, or imperviousness may be secured by a puddle or con- 
crete core, or by a layer of puddle placed near the face. Fig. 31 
shows a puddle being placed near the face and Fig. 32 shows a puddle 
core connected to the puddle lining of the bottom. 

Imperviousness is usually secured in large mason r>' reservoirs 
by a layer of puddle placed back of the wall and thoroughly rammed, 
and the bottom lining is treated in a similar way. In small reservoirs 
more reliance is placed upon impervious masonry, made so by an 
asphalt coating, or, more commonly, by a coat of Portland-cement 




Fig. 31. Section of Reservoir Erabaukment, Pittsburg. 




Fig. 32. Section of Reservoir Embaukraeut. Brooklyn. 



mortar, neat or 1 to 1, which it is well to finish by a brush coat ot 
neat cement. The latter method is more likely to l:>e satisfactory 
with covered reservoirs, where the temperature changes are small, 
than with open reservoirs. 

While it is comparatively easy to secure imperviousness at the 
start by the u.se of cement, it is difficult to prevent the fonnation of 
slight cracks. The.se permit the water to find its way into the sur- 
nnmding soil, and when the reservoir is (piickly emptied this water 
exerts a back pressure on the walls and an upward pre.ssurt* on the 
floor. The foundation for the walls .should Ix^ broad enough to 
re<luce .settlement to verv small limits, and as further prtu-antion 
against cracks the floor lining should be constructed after the walls 
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are complete, but should l)e thoroughly bonded thereto. Junctions 
lH*t\veen ^oors and walls are preferably made curved. 

The most common form of lining consists of alK)ut H to 2 feet 
of puddle pmtected by a layer of cx)ncrete, brick, or stone paving, 
or sometimes only by gravel. On the sIojkvs the concrete is usually 
covered with paving or replactMl entirely by it, experience showing 
that unprotected concrete is apt to Ix* injured by ice. A layer of 
paving brick laid in cement makes a gcKxl finish for a concrete lining 
which is to lx» frequently exposed. Concrete can Ix? made impervious 
by plastering with (rment mortar, neat or 1 to 1 , but when* it extends 
over large areas, cracks will form, due to t(»mj>erature changes and 
to settlement of embankments. To minimize this difficulty, concrete 
may Ik* laid in blcK'ks, with asphalt joints lK*twc*en. 

If gn)und water is met with, which is under considerable pressure, 
it will \)e necessarA*, in onler to avoid rupture of the floor, to drain 
the soil l)eneath the lining. In some cases the ground water has 
been |>ermitted to enter the reservoir, when its head exceeds that 
in the reservoir, through flap valves which will close when the differ- 
ence of head is in the reverse direction. Drainagt* of the soil Ix^neath 
the lining should Ik* done with great caution, and esp^ecial can* 
taken to surn)und all drains with gravel and sand so grade<l in 
fineness as to effectually prevent the washing out of any of the matt*- 
rial. Seepage water is also sometimes taken care of by means 
of drains. 

Asphalt has for some time lH*en extensively useil for resi*rvoir 
linings on the Pacific (*oast, and n*cently its ust* has become cjuite 
geneml. Compared to concnte it has the advantJiges of elasticity 
and greater imjH*rviousness, both of which an* of great importance 
in this connection. Another advantage in many cast*s is its cliea|)- 
ncss. Its chief disadvantage is the effect of the sun in rendering 
it mon* or less plastic and liable to creep if ust*d (m steep slopes. Its 
dnrabilitv in water is also not fiillv determined, (treat care and 
t'X|M*rt knowledge are rc(|uin*d in determining the proper proportions 
of the various ingredients to give good nvsults. 

Whrn the r.irth is firm and compact, asphalt linings can Ik* 
placed dircctlv upon it, and have tn(|nently lK*t*n so placed. Coii- 
?ral)lc settlement lias in some eases taken plact* without cracking 
lininjX. l)nt this cnnnot, of course, be n*lied upon. 
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Reservoirs with masonry walls occupy less space than earthen 
reservoirs, but are more expensive to const met. They are, however, 
often the best fonn for small reservoirs where space is limited, and 
are a suitable form in case covers are required. 

When the reser\'oir is excavated in firm earth or is backed bv a 
well-compacted embankment, the earth serves to support the walls 
against water pressure. They must then l)e designed to sustain 
the earth pressure with reservoir empty. By adopting the circular 
form the masonrj- will ^resist largely by compression as a ring, and 
the dimensions can be considerably reduced below those recjuired 
for a wall resisting by gravity alone. Several small circular reser- 
voirs have been built of diameters of oO to 75 feet, with walls from 
10 to 22 inches in thickness. 

The masonry may be of rubble, concrete, or brick, according 
to circumstances. If exposed, a lining of paving brick makes an 
excellent finish. It is needless to sav that in all work of this character 
the greatest care should be taken to secure the best workmanship, 
particularly in the mixing and laying of concrete and the thorough 
filling of masonrj' joints with mortar,- essentially as in dam con- 
struction. 

77. Inlet Pipes and Valves. Distributing n\serv()irs are 
usually provided with separate inlet and outlet pipes, located prefer- 
ably on different sides of the reservoir in order to promote circulation 
of the water. In earthen reservoirs these are constructed in the 
same manner as descril)ed in section 4<S. A by-pass should be 
provided to enable the reservoir to be cut out at any time. Where 
the reservoir sers^es merely as an ecjualizing reservoir, receiving only 
the surplus water from the distributing system, a single pijM* will 
serve for both inlet and outlet. 

In open masonry reservoirs gate chambers are conveniently 
built in connection with the reservoir wall. In covered reservoirs 
they are usually omitted, the valves being placed within the reservoir 
and operated from a suitable platform or from the oustide. 

78. Covered Reservoirs. Oound waters should be stored 
in covert^d R\ser\'oirs, for the reason that such waters usuallv contain 
sufficient fjuantities of plant food to promote a luxuriant growth of 
vegetable organisms unless the light be excluded. Many cnses have 
ariscMi of bad tastes nnl\ odors due to this caust* which have l)een 
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entirely removed by covering the reservoir. Filtered surface waters 
should also as a rule be stored in covered reservoirs, since bv the 
process of filtration they are rendered somewhat similar in nature 
to ground waters. Where reservoirs are located in the densely 
populated portions of cities, covers are also advisable, in order to 
exclude soot and dust. 

Covers are usually made of masonry, but wood has been usetl 
in a number of cases. It is much cheaper than masonry, but is 
much less dural^le and does not keep the water as cool in summer 
or wholly prevent freezing in winter. 

A wooden cover for a large area may consist simply in a hori- 
zontal Hoor of boards, supported by a system of joists and girders 
resting on a series of wooden posts. For small areas the covers can 
readily be made sloping, and this is a preferable arrangement. 
Covers for small circular reservoirs and large wells are conveniently 
made conical, with the rafters resting against the wall or supported 
on light trusses. 

Masonry covers consist" usually of segmental or elliptical ma- 
soniy arches supported by* small brick piers; or, for very small 
ivscrvoirs, a dome may Ix* used. Above the arches, about 2 
feet of earth is placed to prevent extreme variations of tem- 
perature and to protect the masonry, and embankments are con- 
structed against the side walls to meet the covering above. The 
piers arc spaced from 10 to 15 feet apart, and are made from 1 
to 2 feet s(|uare in cross-section, depending upon the span and 
WTight of filling. 

Piers are usually made about 18 inches square of brick and 
spaced about 12 to lo feet apart. Concrete is now generally used 
for the roof, being made in the fonn of groined arches of about 3 
feet rise and 6 inches thick at the crown. Fig. 33 shows the interior 
of such a rcstTvoir used as a filter. 

79. Cost. The cost of resi»rvoirs varies, of course^ p'eatly 
according to local conditions, kind of n*stTvoir and capacity. Ac- 
cording to the capacity the cost \wy unit will be less the 
larger the reservoir. The actual cost of a large open reservoir 
varies from .S3 to S') i)er 1,(KK) gallons capacity. Covered ma- 
sonry reservoirs will cost nsunlly from .?I0 to ?15 per 1,000 gal- 
lons capacity. 
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STANDPIPES AND ELEVATED TANKS. 

80. Wliere a reservoir reipiires to lie artifieially elevated it is 

I usually biiilt as a stiiii(lpi{)e — a tail slim tank risliug on the ground 

IS an elevated tank of .steel or wofxl, snpporteil by a tower of 

I steel, wo(Mi, or masonry. Sncli an elevated reservoir may or may 

not be enclaseil in ii eoveriiif; of masonry or woihI, tieiiirdinfj tu the 

necessities of the c-a,se anil the notions of the designer. 

Reservoirs of this lyiK- aic relatively so expensive that a mini- 
miiin amoinit of storage <-iipai-ily is iisiijilly pmviileii. .\s shown 





I aectiun 7'2, they may be used in small towns to enable the piiirj]is 

J be more eeononiirally operated, or in lai^r towns to provide f{»r 

; consumption foi an hour or so. The capaeities of standpipes 

Ind tanks ranfre ortlinarity from .tO.tXX) gallons np to a maximum 

fallout l.rilKI,(H)n gallons for small villages and eities up to 30,0(H) 

topidation or more. 'ITie usefiri eapaeity <>( a stand|>i|K- is only 

t ]>art of the volume which is at a sufficient elevation to give the 

wpiired pressure. .^11 water \n'\it\v this level acts merely jus a snj)- 

Iport for the i...rfl,.ii iilH.ve, ■I'Ixt.^ should therefore fir^t 1«. .leti-l- 
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mined the lowest usc»fiil level of the water, and the pipe should then 
l)e made of the desired capacity alcove this plane. 

81. Location. For storage puq)oses only, the location would 
l)e the same as that for anv reservoir. To reduce the cost it is, how- 
ever, <lesirable to place the tank on the highest gn>und available if 
it \>e within a reasonable distance. T<k) great <listances will \ye 
undesirable on account of the cost of mains and the loss of head 
causes! by a long line of pijx*. 

82. Design of the Standpipe. The chief elements in the 
design of a standpipe are the thickness of plates, the riveting, the 
foundation and anchorage and the pipe details. '^Fhe forces to l)e 
considered in the <lesign of a standpipe art* the water pressure, the 
wind pressure, the weight of the pipe, and the action of ice. In 
what follows let h = distance in feet of any [K>int of the pipe from 
the top, (/ — diameter of pipt» in feet, r -— ratlins in feet, and / = 
thickness of shell in inches at the given point. 

From efjuations in Hydraulics we find that the water pressurt* 
causes a bursting stress per vertical lineal inch of pijK? ef|ual to 

&2.oU 

^ - 2-;-i2 = -''^''^ (9) 

'Ilie stit'ss |K'r s«|uarv inch of metal is 

2.t>//// 



.V —_ 



(10) 



'Hiis is the only strt\ss that nt*t*il Ik* ctiiisidert^l in determining the 
plate thickness, a.s the cffei'ts of win<l and weight are much smaller 
than this and caust^ a stnss in a vertical <lirection. 

nie safe tensile stress on net section of metal, where but little 
uv is likely to fonn. may Ik* taken at altout l."),(KK) pounds per square 
in<-h. Where thick iiv is to Ir» expectetl the working stress should Ix.* 
H'lluctMl to 12.(MH) or even lO.CXK) pounds, to pn)vide for the unknown 
lev <tressi»s. 'Hie vertical joints will usuallv l>e so designe<l as to 
hiivf an efficiency of ♦>() to 70 per cent. If a = safe stress on net sei*- 
tion ami ' -efficiency, then by eijuation 10 the require^l thickness 
to nrsi^t the water pressim* will In* 
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; V2,(M) and c = 5, then, u|ii>r<)xiraulely, 



Si .001) 



^ .mm-Zo/"/ 



(12) 



The thickness near tlit- top kIiohUI not l>e less than \ inch, or for very 
large pipes, I'j inch. Plates thicker than 1 inch or 1 J inches should 
be avoided. 

The plates forming a standpipe are usually of such a width as 
to build 5 feet of pipe, and are from S to 10 feet long. Each course 
is preferably nia<le cylindrical, and alternately an "inside" and an 
"outside" course. 

The riveting of the vertical seams is the most important part of 
the construction, as this determines the strength and economy of the 
standpipe. Lap joints are most commonly used, but for thickness 
exceeding ^ inch, double-butt strap joints are much preferable and 
are stronger. 

Table No. 12 gives suitable proportions for riveted joints, to- 



TABLE 12. 
Proportions for Riveted Joints for 5tandplpe«. 
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Horizontal joints iirv nuulc single-riveted lap joints, with rivet 
spacing of about thive diameters. All steams .should be thorouti:hly 
ealked with a n)und-nosed calking tool, and any leaky seams which 
may exist when the \n\ye is filled should l)e rt*ealked. ^flie l)ottom is 
made of plates riveted up with eireular and radial joints, the former 
l)ein^ made lap joints and the latter hutt joints. The thickness need 
he only enouf(h to permit of ^ood calking and to l>e durable, — about 
J inch. This bottom plate is preferably connected to the side plates 
by means of a heavy an^le on the outside, or one on both outside and 
inside the tank. The foundation should l>e made monolithic and 
sufficiently broad to give such low pressures on the soil that there will 
be practically no settlement. Failures have occurred due to poor 
work in this res|H*ct. Wind pressun\s should l)e carefully considered. 
Concrete is a very suitable material for foundation purposes. 

Standpipes must Ih» anchortnl to the foundation to prevent being 
overturned by the wind. The wind pressure is usually taken at 40 
to ')() pounds j>er s(|uare f(K)t on one-half the vertical projection of the 
tank. At the higher value the overturning moment in foot pounds at 
a distance k l)elow the top is 

M = 50 X './ X -> = 12.5<//r' (13) 

This movement causes an uplift on the leeward side for each inch 
along the circumference of the pi])e of 

S* :-: 1.38 '^ ]K)un(ls. (14) 

Then if anchor bolts are placed p inches apart around the bottom of 
the tank the stress in each bolt will be 

8 X y> = 2.38 '^ X y> (15) 

If numerous bolts are used, their size need not be great, and they 
may be put through the exterior bottom angle iron and the latter 
double-riveted to the pipe. If arranged in this way, they should be 
numerous enough so that the stress in one bolt is not greater than can 

♦The derivation of this equaiion comes from the formula S = -^j- of Mechanics 

in which Mis tlic moment of inertia of the standpipe shell. The pnx'ess of derivation 
cannot well bcentiTed upon here. 
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lx» trmisinitted to the lower plates l)y four or five rivets, whieh will 
limit the size of l)olts to alK)ut IJ times the diameter of the lower 
rivets. By spaeing the bolts suffieiently elose this arrangement may 
be followed in almost any case. If this method gives a large number 
of bolts, it will be simpler to use fewer and larger bolts, in which case 
they should be fastened to the standpipe by long vertical pieces of 
angles, and the bolts placed close to the pipe as shown in Fig. 34. The 
n\imber of bolts should not be less than six in any case. Anchor bolts 
should extend well into the masdnrj' and be fastened to anchor plates 
embedded therein. 

Besides the overturning effect of the w ind there is to be considered 
the collapsing effect on the empty pipe, especially near the top where 
the plates are thin. This cannot readily be computed, but must be 
provided for by an ample margin of strength at the top of the standpipe. 

The effect of ice action is a verj^ serious matter in unprotected 
standpipes, but is very difficult to calculate or provide for. The 
stresses caused by ice action can only be provided for by the use of a 
good quality of soft steel which will allow of deformation without in- 
jury, and by the use of a large factor of safety. It may well be ques- 
tioned, in view of the uncertainties of the case, if all metal tanks built 
in cold climates should not be encased in masonr\^ or wood. The 
importance of this matter is attested l)y the many accidents traceable 
to the action of ic*e. 

The material used for standpipes should l)e soft, open-hearth 
steel, of a tensile strength of about 54,000 to 62,000 pounds per square 
inch. The best practice now calls for a grade corresponding to flange 
steel, with phosphorus limit of about .06 per cent, an elongation of 
22 to 25 per cent, reduction of area of 50 per cent, and flat Ix^nding 
tests, both cold and after heating and cjuenching. 

83. Pipes and Valves. Usually a single pipe serves both as 
inlet and outlet. This passes through an arched opening in the 
foundation, turns upwanls and enters the standpipe at the bottom, 
and extends into it a foot or two. A lead joint is usually made in a 
bell casting riveted to the bottom of the pipe as shown in Fig. 34. A 
drain-pipe through which the tank may be drained or flushed should 
also be provided. 

High-water electric alarms are advisable if the pipe l)e at some 
distance from the pumping station. The pressure indicated at the 
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station is not a certain guide if branch mains are led off at inter- 
mediate points. For encased pipes or tanks a simple float, arranged 
to close an electric circuit, may be used. For exposed pipes, ice is 
likely to interfere, and in this case a pressure gauge placed in a vault 
and connected to the standpipe can be arranged to give an alarm at 
any desired pressure. 

84. Other Details. The top should be stiffened against col- 
lapse by a heavy angle-iron, not less than 3X5 inches, and two such 
angles should be used for large pipes. The effect of the wind on an 
empty pipe is not only to cause a pressure on the outside, but to create 
a partial vacuum on the inside near the top. Several failures have 
occurred from lack of strength at this point. 

It is not customary to roof standpipes, and for a tall slim pipe 
a roof would be of little use and no improvement to its appearance. 

With large, low pipes a conical 
roof of curved profile may well be 
adopted. It affords considerable 
protection and improves the ap- 
pearance of the structure. It is 
usually made of sheet iron or cop- 
per, supported on light angle-iron 
ribs or a framework. 

A ladder should be built on 
the outside of the pipe, but none 
on the inside; and in general there should be no obstructions on the 
inside where ice is likely to form to any extent. 

Standpipes should be well painted inside and out. For the in- 
terior, asphalt is probably the best material to use. After painting 
the interior, the pipe should be filled to detect leaks l^efore the outside 
is coated. 

A standpipe is often surrounded with a masonry shell in order to 
furnish protection from cold, or to improve the appearance of the 
stnicture. This shell may be of stone or brick, and is usually built 
enough larger than the pipe to permit of a stairway in the space be- 
tween. The walls are usuallv made from 2V to 4 feet thick at the 
bottom and U to 2 feet at the top. 

Encased pipes must be provided with overflows, which may be 
built either inside or outside the main pipe. For this type of strue- 




Fig. 34. Arrangement of Rivets. 
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tiire, rcM)fs are (|uite necvssurv, and slionlcl hv carefully proportioned 
with resjx»ct to appearaiuv. 'Hie masonry oilers eonsiderahle oppor- 
tunity for architectural treatnuMit, and this feature should 1k» referred 
to a comjH^tent architect. 

85. Elevated Tanks. If the lower portion of the water in a 
standpipe is at too low an elevation for useful pressure, its only office 
is to furnish support to the useful part above. Where this useless 
zone is of any considerable depth the support can l>e more cheaply 
furnished by a steel trestle. Besides l)ein^ cheaper, a tank is much 
less objectionable in appearance than a standpipe, and experience 
indicates that trouble from ice is l(\ss likely to occur. For roofed 
tanks a height equal to the diameter would not be far from the most 
e(*onomical proportions, but a height somewhat greater than this will 
usually look better. 

The bottom of a tank supported on an iron trestle is usually 
made hemispherical, as this requires no support except at the outside 
edge where the legs of the tower are located. The thickness of side 
plates is the same as for standpipes, and the details are similar. If 
the bottom is hemispherical the stresses thenMu will be one-half those 
in the lowest side course of plates. 

The tower consists of a steel trt\stle of four to eight legs. The 
material for this may be medium steel, and comparatively high work- 
ing stresses may l)e used in its design, since the stresses are all dead- 
and wind-load stresses. Four legs are the smallest practicable num- 
lx*r, but for tanks of large diameters the use of only four legs 
brings verj'^ heavy local stresses on the tank at the points of connec- 
tion. Six or eight is a better ninnber and presents a better ap- 
pearance, but is more expensive. The stresses in the various parts 
of the tower and the design of the details belong to the domain of 
structural engineering and cannot be elaborated here. Suggi\stions 
for the upper column connections, the anchorage and the roof are 
given in Fig. 35. 

Each column must be well anchored to the foundation, with a 
strength of anchorage equal to the maxinunn uplift due to wind act- 
ing on empty tank. The foundation should be rigid, and large and 
heavj' enough to serve as anchorage and to give only safe pressures 
on the ground. There should be practically no settlement, as any 
unequal settlement will greatly change the stresses in the tower. 
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The inlet pijx* is usually iniule to enter tlie tank at the center of 
the lM)ttoni, and should he provided with an expansion joint. In 
cold climates the pipe nuist Ik* protected by a frost casing, which is 
usually a simple woo<leii box with one or more air spaces and a pack- 
ing of some non-conductive material. If the tank is encased, it will 
be necessary to provide an overflow pipe. 

86. Wooden Tanks. Elevated tanks of wocmI are frequently 
used where low first cost is an essential element and the quantity to 
1^ stored does not exceed 50,()(X) to 7o,(X)0 gallons. Wooden tanks 
are cheap, and if well built will last fifteen or twenty years. The 
staves should l)e of gocnl clear material and should l)e dressed to proper 
curvature on the outside. H(X)ps should be relatively thick to resist 
corrosion, and should bo thoroughly coate<l with asphalt or other pro- 
tective coating, before being put in place. I^ugs and fastenings are a 
source of weakness. They should be carefully designed and of ample 
strength. The support of the floors must also be well looked after. 
The chief source of tmuble with wooden tanks is in the weakening of 
the hoops by rusting from the inside. 

Several failures of wcKxlen tanks have occurred bv the sudden 
bursting of the hoops, and it is questionable policy to construct such 
tanks where their failure is likely to endanger life, as it is quite certain 
that they will not be regularly inspected as they shouUl Ik*. 

87. Storage Under Compressed Air. In small works, air 
chamV)ers or their equivalent may be used to provide a considerable 
storage of water and thus avoid the use of standpifK^s or elevated 
tanks. In the design of such storage tanks the larger the proportion 
of air space the less will be the variation in water pressure as the tank 
is emptied. If V = volume of tank, and v = maximum volume of 
water stored, then V - v = minimum volume of air. If the pres- 
sure, when containing the maximum volume of water, Ik* P, then when 

the tank is just empty the pressure is /) =P I 1 - y ). Thus if 

t' 1 

y = --, then p = |P, and the variation in pressure isone-thinl the 

maximum. The less the desired variation in pressure the greater 
must he the tank capacity for a given water capacity. The air is 
maintained in the tank by occasionally admitting a little air into 
the pump. 
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A .sy.stfiii of prt'ssiiiv stoin^' liaviii;^ .st-viTii! iulv:inla>;f» nwi- 1 
just ilescribed is tlir Acme Coiiipany's system, Itiistil nn |>aU'nt,s il 
Wm. E. Worthani and Oscar I>arliiig. In this system the air is store 
in a separate tank at a liighcr pressure than is ordinarily kept in t 
water tank. By reducing valves in tlie wtnnerting pi|)es, the pressun 
on the water may lie maintained constant, or may Ih- increase"! in c 
of fire up tu the pressure in the oir tiink. Air compwssors must b 
Hsetl here to keep up the air supply. A nunil)er of plants of this kin 
have l>een installed. The use of a pressun- .storage sj'stem avoids » 
trouble from ice, an<l for very smalt (|uantities h cheajjer than a 
vatei! tank. A storage tank can also l»e locatnl at the pumping statioi 
and the pressure easily controlled. For large quantities the sys 
Would Ije very expensive. 

THE DISTRIBUTINQ PIPE SYSTEM. 

88. General Requirements. A di.slrihuling system should 4 
l>e so designed that it will l>e able to supply ailcqnate f|uantitics of 
water to all consumers, and that this will l>e acconiplished with econ- 
omy and with reasonable security again.st interruption. With respert 
to the design of this part of a waterworks system, the uses of wat«d^ 
naturally fall into two verj- distinct classes: fl) the onlinan, ewrj 
day use for domestic, commercial, and public purposes; and (2) t 
use for fire extinguishment. In the former case the consumption | 
relatively uniform over different portions of the city, and is also v 
distributed over many hours of the day; in the latter case the rale I 
likely to be extremely high for a very short period of time, but this s 
cessive use of water will usually be confined to a comparati\'e!y sm 
area. To supply water in the former case requires the wide distl 
bntion of moderate rpiantities, while in the latter case the problem I 
rather the concentration of large voliunes within a narrow distrid 
which district may ite situated at any point in the system. 

To supply water to all consumers requires that a pipe be laida 
each street, except in those cases where the cross streets are not ba 
upon. In the outlying districts, pipes an- laid in those streets wh( 
the density of the population warrants il, a(.-cording to the judgm 
of the management, but much difference in policy exists In respectl 
the matter of extensions. The distributing .system includes, besida 
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the pipes, the fire hydrants, service connections, valves, fountains, 
watering troughs, meters, and occasionally other details. 

89. The Pressure Required. For ordinarj' service the pres- 
sure at any point should be sufficient to supply water at a reasonable 
rate in the upper stories of houses and factories, and in business blocks 
of ordinary height. This will require at the street level a pressure of 
from 20 to 30 pounds in residence districts, and usually from 30 to 35 
pounds in business districts, according to the character of the build- 
ings. 

For fire puqx)ses the pressure required in the mains depends 
upon whether it is intended that fire streams shall be furnished directly 
from the hydrants or whether steam fire engines are to be used. In 
small cities and towns it is of the greatest advantage to supply fire 
streams without the use of engines, and in most such places this 
meth(xl is adopted, fire engines being sometimes kept in reserve, for 
extraonlinary conflagrations. In pumping systems the most com- 
mon arrangement is to maintain only a moderate pressure for ordinary 
ser\'ice, and at times of fires to shut off the reservoir or standpipe if 
there l)e one, and to furnish the nec*essarj' fire pressure direct from 
the pumps. 

In large cities hydrant fire pressure is not so common, but if the 
supply is by gravity, and has plenty of head, a hydrant fire pressure 
can profitably be furnished, at least for all except the densest portion 
of the city or for verj- large fires. If hydrant fire pressure is to be 
supplied it should not l>e less than 60 pounds for residence districts 
and 70 pounds for business districts. Pressures 20 pounds higher 
than these are to be desired. If dependence is to be placed on fire 
engines, as is usual in large cities, the domestic pressure of 25 to 30 
pounds is sufficient. 

The pressures here considered are the hydrant pressures at times 
of maximum consumption, and refer to any point in the distributing 
system. If such pressures are maintained at the most remote points 
and at the higher elevations, the pressures on the lower ground and at 
points nearer the pumps or reservoir will of course be considerably 
higher. In the case of gravity supplies much higher pressures may 
Ix' possible, but on account of the increased cost of plumbing and 
piping to withstand high pressures it will not 1m» desinible often to 
excet*d \liO to 140 pounds. 
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90. Number and Size of Fire Streams. The number of 
fire streams which should be simultaneously available in any given 
town will obviously var^- greatly with the character of the buildings, 
width of streets, etc. For average conditions the number may be 
calculated from the formula 

^ = 2.81 7, (16) 

where y — munl)er of streams, and x = population in thousands. 
About two-thinls of this number should be capable of being concen- 
trated upon a single block or group of buildings. 

In small cities and towns the requirements for fire protection 
may differ widely. For example, in a countrj' town of 4,000 to 5,000 
inhabitants, in which only a small mercantile business is carried on, 
the fire risk is not great, while in a town of the same size whose pros- 
perity deptMids entirely upon two or three large factories, located, per- 
haps, in one large gnnip of buildings, a fire would be a verj' serious 
matter. In the former case four or five fire streams w-ould be suffi- 
cient, wliile in the latter case* eight or ten should be supplied. 

The numl)er of fin» streams is based upcm a size of stream of 
alK)ut 2M gallons per mimite, which is generally considered to l)e 
about right as an average value for good fire streams in business dis- 
tricts. For a residenci* district 175 to 200-gallon streams will usually 
meet the reijuirement. Firt* hydrants must be sufficiently numewus 
and so located as to meet the R'quirtnnents reganling number and size 
of fin* streams set forth in the prt^ceding paragraphs. Hydrants are 
one-way, two-way, thn»e-way, etc., Ticcording to the number of hose 
connections providinl. For most purposes the two-way hydrant is 
considered the most convenient, but in the dense ])ortion of a large 
city, where many connections must Ix? provided, three-way and four- 
way hydrants can Ik* used to good advantage. Hydrants should, in 
any cast\ he numerous enough to enable the required number of 
streams to he furnished with a suitable nozzle pressure. At j>oints 
where a large number of streams are recjuired, fire cisterns are some- 
times used instead of hydrants. These cisterns art* fed by large pij)es, 

and have nn a(lvanta<'e over livdrants in that thev allow several steam- 

<^ « • 

ers to obtain their supply at one point. 

Vor a 2r)()-gall()n stream tlie re(|uii'ed nozzle pressure is 45 pounds 
and the loss of head i)er KM) feet of ordinan' 2.\-inch hose is al)out IS 
pounds (see Hydraulics), so that with a hydrant pressure of 100 



WATEK SUPPLY 103 



pounds the length of hose to supply a 250-gallon stRuni cannot ex- 
ceed 300 feet. A 175-gallon stream, with a 1-ineh nozzle, requires 
35 pounds nozzle pressure, and causes a loss of head of 9 pounds per 
100 feet of hose. With a hydrant pressure of 1(X) pounds the length 
of hose in this case might be 700 feet. With a hydrant pressure of 75 
pounds, which is quite common, a 250-gallon stream could not l)e 
supplied through a length of hose greater than about 200 feet, and a 
175-gallon stream through a length greater than about 450 feet. 
Hence the general rule that hydrants should be so spaced that no line 
of hose should exceed 500 to 600 feet, and for at least half of the 
streams required at any point the length of hose should not exceed 
250 to 350 feet, according to the hydrant pressure. These lengths 
cannot l)e much inc^ased even where fire-engines are used. In out- 
lying districts two two-way hydrants should \)e available at any point, 
with a distance of not more than 500 to f)(K) feet to the more remote 
of the two. 

The most convenient location for hydrants is at the street inter- 
sections, as they are then readily accessible from four directions. In 
cities of mcxlerate size the required numl)er of streams can readily l)e 
supplied by locating a hydrant at each strt»et intersection, but in large 
cities intermediate hydrants are often necessary. Thus if the blocks 
in Fig. 30 are 300 feet long in each direction, and a two-way hydrant 
is placed at each corner, then a fire at A could be served from eight 
hydrants, with a maximum length of hose of about 450 feet, giving 
sixteen good fire streams; while a fire at a street corner could be served 
from thirteen hydrants, eight of which would, however, require hose 
lengths of 000 feet. With blocks GOO fee.t by 300 feet, as in Fig. 37, a 
two-way hydrant at each intersection would supply not less than eight 
streams at any point, without exceeding 600 feet of hose. If only 
four streams are required, then one-fourth of the hydrants might be 
omitted, or every other hydrant in alternate streets, as hydrants 
1, 2, and 3. 

91. General Arrangement of the Pipe System. From the 
data on page 9 it is evident that the fire demand will largely govern 
in the design of the pi|x* system. This is more and more true the 
smaller the town or district considered, and for single l^locks the 
ordinary consumption can practically Ik* neglected. To supply long, 
narrow districts, the general scheme would be to furnish the water 
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mainly through a single large pi|x* of gradually decreasing size, with 
small parallel and branch mains supplying the side streets. For 
broad areas, such as comprise the larger j)ortions of most cities, the 
general arrangement usually adopted is to provide large mains at 
intervals of } to \ mile, and to fill in l)etween these mains >\*ith smaller 
pi|H\s, thus forming a gridiron system. 

A gcMicral f)rinciple which should be kept in mind when laying out 
a system is to so arrange the large mains that the smaller cross mains 
may l)e fed from lK)th ends, sinci* a pipe so fed is equivalent to two 
pi[)es. It can furnish double the imml)er of streams with the same 
loss of head, or the same mnnl)er of streams with about one-fourth 
the loss of head, as when fed from one end only. ITiis principle also 
makes it desirable to lay connecting pipes lx*tween separated districts, 
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even when such pi)x*s are not requirtnl for supplying local consumers. 
In the case of fin\ each district mav then l>e served from both ends. 
Dead ends an* also objectionable on account of the stagnation which 
exists in the pipes and the deterioration of the water which is likely 
to ensue. 

Tile size of mains and cross lines in the gridiron system will de- 
pen* 1 largely upon the number of fire-streams required at any point. 
In small cities, and outlying districts of large cities, 6-inch cross mains 
with S, 10, or 12-in('h pipes at intervals of four to six blocks is a com- 
mon arrangement. Four-inch pipe should never l)e used to supply 
hydrants except where the pi|>e is comparatively short and is fed from 
larger pipes at each end. 

92. Calculation of the Pipe System. For the purpose* of 
calcnlatini,^ tlic (listributin«r svst(Mn it is necessarv to know the maxi- 
nuini rale of consumption for the entire city, and for large and small 
sections of the same, with suitable consideration for future gro\N'th. 



WATER SUPPLY 105 

The rate for the entire city will enable the main supply conduit, or 
the principal force main, to be determined. For calculating the main 
distributing pipes the city should l)e divided into relatively large dis- 
tricts, corresponding to the most probable location of such main 
arteries; then for the smaller pipes the demand for still smaller sec- 
tions must l)e considered, and so on. 

The maximum rate of consumption for the entire city has already 
l^een discussed in section 0. From the data there given the oniinary 
maximum rate is seen to l^e from 2(K) to 250 per cent of the yearly 
average. If the yearly average be 100 gallons per capita daily, the 
maximum ordinary rate will then be about 250 gallons per capita per 
day, or 0.17 gallon per capita per minute. The maximum fire rate, 

a^ssuming 250-gallon streams, is 250 X 2.8 } Xy = 700 |/ .r gallons 
per minute, where x = population in thousands. Thus for a popu- 
lation of 1,000 the ordinary maximum rate may l>e about 170 gallons 
per minute, while the fire rate is likely to be 700 gallons, or four 
times as much. 

After estimating the maximum rate of consumption for the city 
as a whole, the same should l>e done for the several districts, the 
probable future population, the maximum ordinary rate, and the 
maximum fire demand being estimated for each district independently. 
The data so collected will enable the main distributing pip)es to be 
calculated. The size of the cross mains and smaller pipes will l)e 
determined almost entirely by the local requirement iis to fire streams. 
For all practical purposes an arrangement of G-inch pipe in one 
direction, and 4-inch pipe crossing these, is ample for cities up to 
about 10)000 inhabitants, and six-inch pipes in both directions will 
suffice for populations up to about 50,000. For villages up to 1,000 
or 2,000 population and the residence districts of small cities all but 
the general supply main may be 4-inch provided there are no dead 
ends and that there is a cross line at least everv other block. 

The size of the main supply pipe and the main branches feed- 
ing isolated districts can be calculated by the aid of Table No. 12 
of Hydraulics giving the friction loss in pipes, an estimate of the 
maximum rate of demand having been made. For most cases the 
desirable velocities in the main pijH\s will be from 3 to feet per 
second for the maximum rate of flow. The lower velocitv is that 
suitable for a plant where the available head is limited and not much 
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friction loss can l)e permitted, as for example in a gravity system 
where the elevation of the source is barely sufficient to furnish the 
desired pressure. The higher velocity is suitable where a consider- 
able loss of head may be allowed, as for example in a gravity system 
with a high source, or in a pumping system where the fire pressuiv 
is furnished by pumps and only during the fire. 

The numl)er of fire streams of 250 gallons per minute each 
which can be supplied reasonably through pipes of different sizt» 
are given in Table No. 13, the smaller number corresponding approxi- 
mately to the lower velocity mentioned al>ove and the larger the 
higher velocity. Where a pi|XJ is fed from both directions double 
the number of streams can l>e supplied. 
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12-24 
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Example. A town of 3,000 inhabitants is to Ik* supplied through 
a force main 4,000 feet long. Assuming the average daily consump- 
tion to be 75 gallons per capita and that the town is of average char- 
acter as regards fire demands, what would be a suitable size of main ? 

Referring to section (), we find that the • maximum rate for 
ordinary use may be taken at 180 per cent of the average, which 
would Ix* 1.80 X 75 135 gallons. The rate per minute will be 

* V n\ "^ *^'^^^ gaUons. The number of fire streams recjuired 

is by fonnula Hi c(|ual to 2.8 | 3 = 4.8 or, say, 5. Each l)eing 
assunuMl as 250 gallons the total rate will ecjual 280 |- 5 X 250 = 
1 ,530 gallons per minute, or practically e(jual to (J firt* streams. From 
tiie tabic No. 13 wc sec that a 10-incli pi|>e may Iw useil if a 
considcral^lc loss of head is permissible or a 12-inch pipe if but little 
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loss is desired. From Table 12 of Hydraulics the actual loss of 
head in the 10-inch pipe for a flow of 1,530 gallons per minute is 
10 feet per 1000, or 04 feet for the entire length of main. For a 
1 2-inch pipe the loss is only about 6.5 feet |>er 1,000, or 20 feet total. 
Where the available head is not more than 150 feet the former loss 
would be too great. 

93. Separate Services for Different Elevations. Where 
the different parts of a town vary considerably in elevation, it is 
frequently advisable to divide the distributing system into two or 
more independent portions, each serv'ing an area or zone situated 
between certain limiting elevations. It often happens that only a 
small portion of a city is at a high elevation, and by thus separating 
the systems of distribution a comparatively small amount of water 
will need to l)e raised to the maximum height, the greater portion 
being pumped against a much lower pressure. By this arrange- 
ment a large saving can be effected in the expense of .pumping, and 
the use of excessive pressures in the lower districts will also be avoided. 

Various arrangements may be made for supplying the different 
zones. Each zone may l)e practically an independent system, with 
its own pumping station and perhaps its own source of supply; or 
the pumps of a higher zone may be supplied by a reservoir located 
at a high point in the next lower zone; or the pumps of the different 
zones may all I)e located at the same station and obtain their supply 
from the same source. In the gravity system a division is often made 
so that the lowest zone is supplied by gravity, while the upp(»r zones 
are supplied by pumps. 

94. Location of Pipes and Valves. The distributing pipes 
should be so located with respect to street lines as to l>e readily found 
and to avoid other structures as far as practicable. The center of 
the street being usually reserved for the sewer, the water pipes are 
placed at some fixed distance, usually from 5 to 10 feet from the 
center. The side chdsen should l)e the same throughout. The 
north side of east and west streets will Ik* warmer than the south 
side. 

Valves should be introduced in the system at frequent intervals 
so that comparatively small sections can l)e shut off for purposes of 
repairs, connections, etc. As a general rule, wherever a small pipe 
branches from a large one, the former should be provided with a 
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valve, 'rinis with 10 or 12-in(h piJK^s feeding G-inch pipes, each of 
the hitter should have a stop valve at eaeh end. At intersections of 
large pi|K\s a valve in eaeh branch is usually desirable. In a net- 
work of snudi pi|K's of uniform size, a valve in each line at each 
intersection, or four in all, is rather more than necessarj*, but two 
at eacli inters(*ctioii, or a valve in each line everj' two blocks, answ*ers 
verv well. 

N'alves, like pifK* lines, shouhl l)e located systematically. They 
an' usually Uwated in range either with the property line or the curb 
line, but sometimes are placed in the cross walks. 

95. Hydrants. The general locati(m of hydrants has already 
l)een considered in section IK). In fixing upon the exact location, 
and the side of the street on which each should l)e placed, a detailed 
examination should l)e made and the location detennined with 
n»fen»nce to important buildings, convenience of acx'ess in case of 
fires, etc. (Jenerally the hydrant is placed on the same side of the 
street as the- pipe, and is coimected to the larger of two pipes where 
there is a choice. 

Hydnints are of two general types — the post hydrant, in which 
the barrel of the hydrant extends 2 or 3 ftn^t above the ground sur- 
face, and the flush hydrant, in which the barrel and nozzle are 
cov(»red bv a cast-iron box flush with the surface. The former is 
mon* commonlv used, and as it is much more readilv found and 
more conveniently operated, it is to be preferred, except perhaps 
in the congested districts of large cities, or on narrow streets where 
all obstructions should be avoided. Post hydrants are set just back 
of the curl) line; flush hvdrants, either in the sidewalk or in the 
street. 

Manv stvics of hvdrants arc on the market, most of which will 

* • »■ 

give reasonably good siTvicc if properly handled. Reliability of 
operation is the first css^Mitial, but next in importance is the require- 
ment that the frictional loss in the hvdrant shall be small. All water- 
ways should be ample, and sharp angles and sudden changes in size 
should be avoided as much as possible. Considerable difference 
f^xists in (liH'crcnt hydrants in this respect, with a corresponding 
iliiVcrcncc in the amount of pressure lost. In Fig. 3S are showii two 
J*orms of hydrants which illustrate the two general types of valves 
»d -the gate valve and the compression valve. In onlering 
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hyilraiits v&Tv slinuld ix- taken In lia\p tlie ikbwIis of tlio .sbiih' 
stuiKlanl lus tlii)Sf tisc<i in inljotiiiii^ larjp rilifs, so timt <-<iMii<>fli<iii.s 
can rvatiily be made to Krt- aiipamtiis «hKh i 
emerge ncirs. 

When a liyilrant is i-loseil after use, the water ifmainhig in the 
harrei must Ix- dmineil nut through a lirip, so arniiifp-il as to open 
when the main valve is Hoseii. This is iiii impirtant fi-atnre of the 
liesign, as a hydrant is hkely 
to freeze if not thon>nghlv 
drained. The escaping 
water may l»- led away 
through a small ilrain jiiju- 
to a sewer, or a eonsideni- 
ble iKxly of broken stone 
and gravel may Ik- filled 

ind the base, into whicli 
the water may l>e allowed In 
drain. 

la setting hydrants 
care should l)e taken to pro- 

ide a firm ba,se 
stilidly back of the baml. 
The hydrant branch shonUl 
be covered at least as deci» 
the main, as this braneh 
essentially a dead end 
and is ranch more likely to 
freeze than the main itself. 

96. Service Connec- 
tions. Ser^-ice pipes a re 
u.sually from J inch t() I 
inch in diameter, 
made of tea^l. galvanized 

or tin-lined inm pipi. In making the connection l>etwecn service 
pipe and main, the latter is tapped and a brass "corporation" cock 

wed in. At the curb is nsnally placed another stop twk, «-ith 
a suitable valve tjox, at which point the supply to the consumer is 
controlled. 
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Wlu'iv pijK\s iiri' laid in city stivets, special care imist Ih» taken 
in backfilling and ivplacing the pavement. Thert* is a wide differ- 
enci* of opinion as to the l)t\st method of backfilling, but probably 
the most certain way of getting the earth back without trouble from 
future settlement is by verj^ thorough ramming of the material in a 
moist condition, but not wet. Such thorough ramming is difficult 
to secure, and it will usually \ye advisable to adopt the method of 
backfilling through a good depth of water. Hydrants are often 
deranged by l)eing used for filling sprinkling carts. It is much pref- 
erable to provide water cranes for this purpose, numerous fonns of 
which are on the market. 

All constructive features pertaining to the distributing system 
should l)e carefully recordetl on maps of adec|uate size and siytably 
indexed. The exact location of pipes, hydrants, and' valves is of 
sf)ecial importance. It will be convenient to have two sets of maps 
for this purpose— one on a small scale showing arrangement and size 
of piping and points of connection, and a set of large-scale maps, 
each one showing a comparatively small section of the system, on 
which the detailed information can l)e recorded. 

OPERATION AND MAINTENANCE. 

97. The maintenance of conduits and large pipe lines involves 
chiefly the work of cleaning and repairing, llie various special 
structures should be frec|uently insp)ected to detect any sign of weak- 
ness, and in the case of large aqueducts the entire line shoukl W 
regularly patrolled. If the water carries sediment and has a low 
velcK'ity, the pipe line should be occasionally flushed by o|X'ning 
the blow-oflF valves. 

Mason rv conduits are likelv to l)ecome coated with slime and 
organic grcm-th, which will cause a large diminution of their carry- 
ing capacity, and if allowed to nmiain may aflFect the quality of the 
water. In such a case the acjueduct should \ye cleaned regularly 
once or twice a year, or at longer intervals, depending on the rapidity 
of the accumulations. 

Large steel and cast-iron pi|)e lines will rarely need to Ik' emptied 
for cleaning; but in some cases accumulations of organic growth 
have formed, which greatly obstructed the flow and which cx)uld not 
l>e removed by blowing off. In certain waters, particularly those 
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relatively soft, the interior of ejust-iron j)i|H's eorrode (juite rapidly 
as explained elsewlien.'. This tuhereulation, as it is railed, often 
.'^riously ix*ducx\s the carrying eaj)aeity of the [)ipe. The removal 
of such incrustation will restore a large part of the lost capacity, and 
may Ix* a much more economical method of increasing the pressure 
in a system ttian by adding new pipes. 

Large pij)es can l^e cleaned by sending workmen through them, 
but ordinary pipes can only be cleaned by flushing or sending through 
them some form of mechanical scrajx'r which nearly fills the pipe 
and which is propelled by the water pressure. \er\ badly corroded 
pipes have l)een successfully cleaned in this way. 

To remove sediment from the pipe system use is made of blow- 
off valves or hydrants. Dead ends may need quite frequent flush- 
ing on account of odors and bad tastes developing in the stagnant 
water. Large leaks in mains will (juickly make themselves known, 
especially if a recording pressure gauge is in use. Prompt action 
in shutting oflF the supply is often necessary to prevent hea\y damage. 
Small leaks, if occurring in clay soil, will usually l>e indicated by the 
appearance of water at the surface, but in porous soils, and especially 
near sewers or drains, quite large leaks may go unnoticed for years. 

A serious form of corrosion which has given trouble in many 
cities is the electrolysis which is caused by return currents from 
single-troUev electric railways. In this svstem the return current 
is supposed to pass through the rails, but as these are not insulated, 
a portion passes through the earth to neighboring pipes or other 
conductors leading in the right direction. This current then flows 
along the pipe with more or less resistance until it reaches a neighbor- 
hood where the rails or some other conductors are of lower potential 
than the pipe, this being usually in the vicinity of the power station. 
The current then leaves the pipe, and in so doing sets up corrosive 
electroljiic action. 

Electrolytic corrosion is in some cases so rapid that pipes are 
practically eaten through in three to four years, and some of the 
worst cases have occurred where the pressure is but lo volts. The 
remedies for electrolysis should apparently rest entirely with the 
railway companies. A very important aid in preventing electrolysis 
is the construction of a good return conductor by means of good 
rail bonding and the use of adequate return wires. Then in those 
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districts where the pif)es are of higher potential than the rails, if good, 
h)w rtvsistancv eoiniections are made l)etween rails and pi|x*s, or from 
pipes to s|)eeial return vviras, the current will leave the pipes without 
passing into the ground and without causing trouble. Voltmeter 
tests l)etween pipes and rails, at various points over the city, will 
determine the danger area. 

Not infrequently considerable trouble arises from the freezing 
of service pipes which are not placed at a sufficient depth. Occasion- 
ally, also, small mains are frozen. Where the proper faciHties exist 
the best way to thaw frozen pipes is l)y warming them with an electric 
current. For thawing service pipes a current of 2(X) to 300 amperes 
at a pressure of 50 voUs is satisfactory, and will ordinarily thaw a 
pipe in from 20 to 30 minutes. The current can conveniently be 
taken from electric-Hght wires and reduc!ed by a transformer. 

Where the electrical method cannot l)e used steam may be 
employed, not only to warm the pipe, but to excavate through the 
frozen ground in a way similar to the operation of the water jet. 
The pipe may thus be reached at points 4 to 5 feet apart and gradually 
thawed out. Service pipes are often thawed by the use of a small 
steam pipe inserted in the service pipe through the house end, or 
from an opening at an excavation outside, (iround may l)e thawed 
by maintaining a fire on the surface for several hours, or more readily 
by the use of a gas flame projected against the soil. 

Valves should l^e inspected occasionally to detect leakage and 
to ascertain if they are in working order and the boxes clean. Fire 
hydrants require very careful attention, especially in cold climates, 
as it is of the greatest importance that they be at all times available. 
The chief trouble with fire hydrants is from the freezing of the valves 
due to imperfect drainage, although a hydrant branch sometimes 
freezes up. 

Hydrants shoukl be carefully examined on the approach of 
cold weather and put in good condition. Valves should be tight 
and the hydrant thoroughly drained. If so located that the hydrant 
cannot be drained, it should be pumped out each time after being 
used. To ascertain if a hydrant is drained, a lead weight tied to a 
graduated cord can be let down through a nozzle. Hydrants should 
never be opened imnecessarily in cold weather, and never by others 
than those responsible for their condition. In verj' cold climates 



WATER SUPPLY 113 



it i.s found desirable after using a hydrant to oil tlie packing and the 
init at the top with kerosi^ne in onier to prt»vent sticking of the valve 
and nut. 

To thaw frozen hydrants, a small portable steam boiler is com- 
monly employed, which is provided with a length of hose for conduct- 
ing steam to the bottom of the hydrant. Hot water may also be used, 
and for mild cases a little salt may be effective. After thawing, the 
water should always be pumped out. 

In the management of the pumping station the best results can 
only be obtained by employing thoroughly competent men. The 
item most susceptible of variation is the cost of coal, and every effort 
should be made to reduce this to the lowest practicable limit. A 
daily record should be kept of the weight of coal and of ashes, so 
that the efficiency of the ser\'ice can be known at all times. Reserve 
machinery should be operated frequently to make sure it is in good 
condition and can be started when called for. This is especially 
important where it is depended upon for fire pressure. 

Records should, of course, he kej)t of the amount of water 
pumped per day, and the pressure maintained; also of the time 
during which special fire pressure is furnished, and the amount of 
water pumped at this pressure. Recording pressure gauges are of 
the greatest value in maintaining the efficiency of a plant. 

The maintenance of earthen reservoirs calls for little more than 
has already been mentioned in section 7(). The cleaning of such 
reservoirs may need to l)e done frequently. It is usually accom- 
plished by flushing out the mud through the waste pipe by means of 
a hose, as in the cleaning of settling basins. Standpipes and tanks 
may require occasional flushing or blowing out, and will need to be 
repainted at intervals of a few years. They should also be inspected 
for signs of excessive corrosion or of electrolysis, and for any indication 
of weakness or wear at the base. Wooden tanks need rigid and fre- 
quent inspection to ascertain the condition of the wood and of the 
hoops. One or two of the latter will probably need to be occasionally 
removed to determine this point. 

98. Detection and Prevention of Waste. From the data 
given in section 6 it was made evident that a verj' large per- 
centage of the water supplied to American cities is wasted by the 
consumer and lost by leakage. In many cities the consumption of 
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water is easily <h)iil)le the amount which ean possibly be made use 
of, aufl in a very lar^e proportion of them the wastage is fully one- 
third of the eiitia* (juantity suppht*d. This excessive use of water 
not only increastvs the cost of pumping unnecessarily, but adds to 
the expense in all parts of a waten^'orks system. 

rncjuestionably the easiest and most rational method of pre- 
venting the waste of water is by the use of meters, so that each con- 
sumer will pay for what he uses. It furnishes also the most equitable 
basis for charging up the cost of service, as by any other system the 
careful user is forced to pay for the water wasted by his careless 
neighlx)r. The use of meters is l^ecoming much more general, and 
in most cities the larger consumers, at least, are now metered; but 
a verj- large part of the loss or waste is due to the small consumer, 
so that the full l^enefit of the svstem will not be felt until the use of 
meters becomes general. Usually much opposition is raised to the 
introduction of meters, but after they have been put into use the 
results are commonly such as to cause them to be greatly favored by 
the comnumity. As a system of waste prevention it is always in 
ser\'ice, and for that reason is far superior to any system of inspection. 
In nearly all cases the decrease in cost of supplying water after the 
adoption of meters much more than balances the cost of the meters. 

If meters are not used, some methoii of inspection is highly 
desirable wherebv the most serious cases of waste can be detected and 
the consumption kept within rea^sonable limits. The most common 
method is a liouse-to-house inspection, carried out one or more times 
per year for the puq)ose of examining the plumbing fixtures. Any 
leaky or imperfect fixture is onlered repaired, and the premises 
re-insj)ecte(l shortly to make sure that the order has been complied 
with. Persistent refusal is followed by the shutting oflF of the supply. 

One of the weak points of the meter system is that it fails to 
detect leaks in the mains or in the services beyond the meters. To 
localize a leak in a main, a waterphone may be used, which consists 
of a staff of wood or iron having at one end a diaphragm and ear 
piece similar to a telephone receiver. The staff is placed against the 
pavement over the pipe at various points, and the ear applied to 
the receiver, when any sound made by a leak is readily perceived. 

Many different kinds of meters are on the market, most of which 
will give satisfactory service if properly treated, and many of them 
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have been thoroughly tested by years of use. No new fonn of meter 
should be adopted without thorough and long continued tests, and 
in all cases it is well to specify the desired requirements of a meter, 
and to test all new meters, in order to insure uniformly good work- 
manship. 

The general requirements of a meter are — a fair degree of accu- 
racy, ability to register approximately quite small rates of flow, suit- 
able capacity for a given loss of head, (durability, and low cost. All 
of these requirements except that of durability can readily be deter- 
mined by a brief test. Some notion of the durability can also be had 
by a careful inspection of the parts, and by running a meter at a 
rapid rate for a considerable period and again determining its accu- 
racy and sensitiveness. Maintained accuracy, accessibility, and 
ease of repairs are the most important qualities of a meter. 

Meters should be so designed that the various parts will be 
easily accessible and readily replaced, and the moving parts protected 
from serious injury by frost. The latter object is usually accom- 
plished by frost bottoms of cast iron, or cast-iron cases, made so as 
to \ye more easily broken than other and more costly parts of the 
meter. 

99. Water Rates. The several services performed by a 
waterworks are: (1) to furnish water for private use; (2) to furnish 
water for public use on the streets, and for sewers, fountains, public 
buildings, etc.; and (3) to furnish fire protection to property. In 
(1) and (2) the cost of service may be considered approximately 
proportional to the quantity of water supplied, but in (3) it is out of 
all proportion to the amount of water used, for while the cost of con- 
struction is greatly affected, the total amount of water consumed is 
slight. The extra cost involved in furnishing adequate fire protex»tion 
is due to largely increased pumping capacity, increased size of mains, 
reservoirs, or standpipes, cost of hydrants, and increased cost of 
maintenance. Estimates of careful observers place the proportion of 
cost chargeable to fire protection at one-third or one-half the entire cost. 

The sources of revenue are the water rates and the fund received 
by general taxation. The former are paid by those who use the 
water, and more or less in proportion to the amount used. The 
latter are paid by assessment on all taxable property. If the revenue 
be so raised that each interest served be charged according to the 
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cost of the servict*, it would apjx'ar from the preceding section tliat 
the cost of funiisliing water to private consumers should be paid by 
water rates; tliat the cost of supplying water for public purposes 
should be paid by taxation and according to the amount of water 
used; and that the (*ost of fire protection should also be met by 
taxation, since the individual is benefited by reason of the protection 
afforded to property. 

The exact proportion of the revenue which should be derived 
from each source depends much upon local conditions, such as size 
of town, character of supply, etc. In many small towns the works 
are primarily installed for fire-protection purposes, in which case 
nearly all the expense should be met by taxation. It is also good 
policy to begin with fairly low water rates, so as to encourage the use 
of water, but to enable this to be done a large proportion of the 
expense will have to be met for a few years by taxation. 

l^he proportion of the revenue to be derived from private con- 
sumers requires careful consideration in its adjustment. The most 
equitable method of apportioning the cost is by the meter system. 
In fixing rates under this system, allowance should be made for the 
fact that quite a large percentage of the water recorded at the pump- 
ing station cannot be accounted for, and rates per unit of volumes 
registered by the meters must be correspondingly raised. 

Meter rates are usually graduated, that is, a less rate is charged 
for large quantities than for small ones. This is partly on the ground 
that the cost of meter maintenance, keeping of accounts, etc., is 
pn>portionally greater for small cjuantities, and partly by reason of 
the policy of encouraging the operation of factories which contribute 
largely to the general prosperity of the community, and which may 
require* large amounts of water. In establishing a graduated schedule, 
it should be so made that the lower rate shall apply only to the addi- 
tional water used beyond the limit of the next higher rate. A good 
example of such a schedule is as follows: 

For the first r),0(K) ( u. ft. |>er months, 20 cts. per 10() cu. ft. 

" ** next lo,(KK) '* " " 10 " '' 100 " 

10,(KK) " " " 5 ** " 100 " 

" " " 30,000 " " " 3 " '' 100 " 

'' '' " 30,000 " " " 2 " " 100 " 

" over 90,000 " ** ** 5 " " 100 " 

A minimum charge of S2.(X) per months is made. 
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An objection to the meter system which is often advanced is 
that it discourages the use of sufficient water for sanitary purposes, 
but this is entirely obviated by making a small minimum charge, 
such as given above, which will Ije enough to allow the use of an 
abundance of water for sanitarj^ purposes, and at the same time 
will cover the expense of meter maintenance. 

Most cities meter the larger consumers, but comparatively few 
have yet introduced the full meter system. In such cases private 
houses are charged mainly by the fixture. Usually a minimum 
family rate is charged for kitchen use, then an additional rate for 
each bath tub, water closet, wash bowl, stable hose, lawn hose, etc., 
with often other variations depending upon the number of rooms, 
number of occupants of the house, etc. Little data exists as to the 
actual amount of water used bv different fixtures, and the rates are 
largely arbitrary. 

PURIFICATION OF WATER. 

100, Object and Methods.^ In the purification of public 
water supplies the primary object is usually to remove from the 
water any traces of pollution that may give rise to disease, or, in 
general, to remove any disease germs that may possibly infect the 
supply. It is often important also to remove the suspended matter 
where the water is turbid. Sometimes also the water contains so 
much dissolved mineral matter that it is desirable to remove a part 
of this to render the water more suitable for manufactui;ing as well 
as for domestic purposes. Thus, a very hard water is undesirable 
to use for boiler purposes as well as for culinary and laundry uses. 

'^rhe various processes of purification may he divided into two 
general groups: (1) Those for the removal of suspended impurities, 
and (2) Those for the removal of dissolved impurities. Of the first 
class there are two general proc*esses, sedimentation and filtration, 
l>oth of which may be called natural processes. By sedimentation, 
water may l)e more or less freed of its suspended matters, including 
the bacteria, the efficiency of the tivutment depending much upon 
the element of time. Hie process is carried out artificially in large 
storage reservoirs or in small sj)ecial settling basins. 

Filtration is accomplished in different ways. The most com- 
mon is by means of the artificial sand filter bed, either as contained 
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111 masonn^ basins of large size, or eonfineil in small tanks as in the 
so-called mechanical filters. "^I'he chief object is in all cases the 
removal of the susj>en(le(l matters, and in most public supplies 
particular attention is paid to the removal of bacteria. The proc- 
esses for the removal of dissolved impurities include the softening 
process, in which lime and magnesia are removed by chemical pre- 
cipitation, and the process for the removal of iron in a similar manner. 
Such methods usually involve subsequent sedimentation or filtration 
for the removal of the precipitate. 

SEDIMENTATION. 

101. In streams such as would lx» considered suitable as sources 
of supply the sediment is principally of an inorganic nature, con- 
sisting of particles of sand and clay of various sizes. The amount 
and character of the sediment varies greatly from time to time; 
it depends largely upon the stage of water in the different tributaries, 
and upon the geological character of the various parts of the drain- 
age area. In the Ohio River water at I^uisville it varies from 1 to 
r),(XX) parts per million, ranging ordinarily from 100 to 1,000; the bac- 
teria varies from a few hundred per cubic centimeter to as high as 
50,000. The size of the suspended particles also varies greatly. In 
some waters the finer particles of clay are less than 0.00001 inch in 
diameter, which is smaller even than bacteria. This great variation 
in amoinit and kind of sediment constitutes one of the most trouble- 
some factors in connection with purification works for river supplies. 

Where the body of quiescent water is sufficiently large, and the 
period of repose sufficiently long, this action of sedimentation becomes 
practically perfect, and a clear and greatly improved water is the 
result. Artificially, such high efficiency is often obtained where the 
water is collected in large impounding nstTVoirs holding several 
months' supply. Where, however, the supply is taken directly from 
a large sec I iment-1 Hearing strt^am, very large reser\^oirs are usually 
impracticable on account of the great cost; and the |)eriod of time 
during which sedimentation can be ojXTative must therefore be 
limited to a few days or even to a few hours. Such a limited amount 
of sedimentation is, how(»ver, of much value. 

'^^'here a water contains little that is objectionable lH\sides the 
sediment, a degree of purification can often Ik* obtained 
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by mere sedimentation which will render the water fairly acceptable. 
In many instances, however, a satisfactory^ water cannot be obtained 
without subsequent filtration; but in this case the process of sedi- 
mentation constitutes a verj' valuable and almost indispensable pre- 
requisite to the final treatment. For a sewage-polluted water, sedi- 
mentation alone is an inadequate treatment, as the bacteria are not 
eliminated in sufficient numbers to insure safetv. 

Sedimentation may be employed as a preliminarj' treatment 
of a water that is to be filtered or it may l)e used as the final and 
only treatment. In the former cast* a fully clarified water is not 
essential, but in the latter case it is greatly to be desire<l, although 
not always possible. 

There are two methods to be considered : (1) Plain sedimentation ; 
(2) Sedimentation with the addition of a coagulant. For plain 
sedimentation a period of 24 hours* subsidence is alx)ut the minimum 
limit adopted, but this will seldom give a clear water. A consider- 
ably longer time is often necessary to give acceptable results. For 
some waters it requires weeks and even months to remove all the 
turbidity, while for others a settlement of a day or two accomplishes 
fairly good results. If the amount of suspended matter is measured 
by weight, a large proportion will settle in one or two days; but the 
reduction in turbidity is not correspondingly great, as it is the finer 
portions which exert the greatest influence upon the appearance 
of a wat^r. In the case of the Mississippi at St. Ix)uis, it is prac- 
tically impossible to clarify the water in the spring by simple sedi- 
mentation, owing to the attenuated condition of the clay particles. 

There is a marked degree of bacterial purification in sedi- 
mentation, yet it should be kept in mind that such a method is ex- 
tremely hazardous, especially where the water supply is subject to 
any sewage pollution. Exj)erience shows that sedimentation alone 
is insufficient to protect a city against a polluted water supply. 

Various chemicals when added to water will combine with 
certain substances ordinarily present, forming precipitates which 
are more or less gelatinous in character. These act as coagulants 
to collect the finely divided suspended matter into rc^latively large 
masses which are much more readily removed by sedimentation or 
filtration. Color may also frequently be rt^moved to a large extent 
by this treatment. If a water can Ix^ satisfactorily purifieil the 



120 WATER SUPPLY 



^n*attT part of the year In- plain sedimentation, the use of a 
roapihint at otIuT times as an aid in the process is well worth 
<n)nsi(lenition. 

St»veral sul)stanivs can Ik* use<l as coagulants. That most 
commonly cmploytHl is sulphate of alumina. When this substance 
is intHKluctHl into water (x^ntaining carlK)nates and bicarbonates 
of lime and mapiesia, it is decomposed, the sulphuric acid forming 
sulphates with the lime and magnesia, while the carbonic acid is set 
fnv, and the alumina unites with water to form a V)u Iky gelatinous 
hydrate which ct>nstitutes the coagulating agent. If the water does 
not naturally ct)ntain a sufficient aniount of alkaHnity to dec*ompose 
the necrssiiry amount of coagulant, lime should be previously added 
to the water. The rt»gulation of this matter must l)e put into the 
hands of an exjH^rt, as an excess of alum in the water is very undesir- 
able if not actually ilangt»rous. 

The amoimt of chemical rtM|uirtHl depends upon the amount 
and character i>f the stMliment, uptm the degree of purification desireil, 
and upon the time of settlement. It varies in practice from about 
*/ grain to .'i or 4 grains jht gallon. The proper amount can only 
Ih' determined by ex|HTiment. 

The rate of sedimentation dejHMids greatly upon the amount 
of coagulant employed. It takes placv much more quickly than 
wheix* no coagulant is usetl, so that a large part of the action will 
occur in a few hours. With a fair amount of tH)agulant, the sediment 
n'maining after 24 hours* subsidenct* will settle verj' slowly; and this 
IH'riod may 1h» taken as about the maximum et^onomical figure. 
Much less time than this can Ik* used in manv cases. Where the 
water contains largi* amoimts of scMliment, it will often l^e more 
ecbnomicalto allow the coarser particles to st»ttle Ix^fore applying 
the coagulant. This will ivdiuv the ct)st of chemicals and give a 
inoiv satisfactory ix\sult. 

S<«ttliiig basins aiv constructetl in acconlance with the same 
general principles as other n*st»rvoirs; in fact, in many cases distrib- 
uting ixvservoirs or storage ivservoirs act also as .scuttling basins 
Where, however, but a short time is allow* d for settling, and reservoirs 
are intended for that special purpose, then* art* differences in detail 
which should be consideix*d. Settling basins an* ujsually supplied 
with water by means of low-service piunps, and fn)m the basins the 
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water flows into a clear-water reservoir, or to a pump well, or to 
filters, as the case may be. 

102. Methods of Operation. There are two general methods 
of operating settling basins: (1) the constant-flow method, and (2) 
the intermittent or fill-and-draw method. In the former the water 
is allowed to flow at a very slow velocity through one or more reser- 
voirs, during which time the settling takes place. In the latter the 
water is let into a basin and allowed to remain quiescent during the 
period of subsidence. It is then drawn off to as low a level as eflBcient 
clarification has taken place, and the basin refilled. It is probable 
that certain waters can be treated best by one system and others by 
the other system, but this is a matter which can only be determined 
by experiment. The method of fill-and-draw, used at St. Louis, 
is thought by the engineers in charge to be more suitable for condi- 
tions at that place. 

In several plants using Missouri River water the constant-flow 
system is used. At Cincinnati, Ohio, the fill-and-draw method is 
used, but it is stated that this is on account of matters pertaining to 
the form of the basins which are purely local in character. In the 
fill-and-draw method no settlement of fine particles can commence 
until the operation of filling is completed, which condition materially 
reduces the time of subsidence. On the other hand, the water becomes 
more quiet than in the other process, and this operates to its advan- 
tage. If the basins are operated on the constant system, a single 
basin can be made to suffice — an arrangement quite suitable for a 
relatively clear water where sedimentation is a secondary matter, 
or merely a preparation for filtration. If there is much sediment, 
at least two basins are needed, in order that one may be cleaned 
without internipting the supply. In case a coagulant is used after 
partial sedimentation, two basins would be necessarj' and three 
would be desirable. With the fill-and-draw methoil, the number 
becomes a question of economical construction and operation This 
will usually be from 4 to 6. 

For a single rectangular basin of given area the square is the 
most economical form. For a numl)er of basins they should Ik' 
made rectangular in shape with a width al>out three-fifths of the 
length and arranged side by side in one row. 

In general, settling basins are built similar to ordinary reser- 
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voirs, partly in excavation and partly by embankment, so as to 
secure the greatest economy. Earthen slopes will usually be cheaper 
than masonry walls, but with the fill-and-draw method the former 
have the disadvantage of exposing the mud at each period of emptying. 
They are, however, more often used in spite of this. The depth of 
basins is made about such as to give the most economical construction, 
very shallow basins being avoided. The time of settlement is found 
not to be materially affected by depth. 

Fig. 39 illustrates the arrangement of the large St. Louis basins. 
The basins are of 22,000,000 gallons drawing capacity each. They 
are built with masonry side and partition walls, and linings of con- 
crete, on about 18 inches of puddle. Through the center runs a 
ditch having a slope of 1 per cent, and leading to a 24-inch drain 
pipe at the east end. The floor also slopes towards this ditch from 
both sides. The filling is done through a 60-inch pipe leading from 
a filling conduit of masonry. The drawing is done at the east end 
through two sluiceways, 4 by 5 feet in size, which take the water 
from about 5 feet above the bottom. The water passes thence 
through a 00-inch pipe into the main deliverj' conduit. 

In the continuous flow system the object to be obtained is the 
distribution of the water on entering as evenly as may be across 
one side or one end of the basin so that it shall enter with as little 
disturbance as possible; then to draw it off in a similar manner from 
the opposite side, and from the stratum of clearest water. As far 
as possible all parts of the water should remain in the basin equal 
lengths of time, and all strong currents should l)e avoided. The 
onlinary inlet is usually a single large pi|>e laid through the embank- 
ment, or a single sluice gate in a gate chamber built in the walls. A 
better distribution of the water could be obtained bv means of several 
inlets, or several branches from a single inlet pipe. The withdrawal 
of water in this system should take place from near the surface. 
Broad weirs formed in the wall, or made of iron troughs, are fre- 
(juently used. 

In the fill-and-draw system the inlet is arranged in the simplest 
way, as in an ordinarv reserv^nr. The position of the outlet is of 
nioiv importance. If but a single one is used, it will need to Ih* at 
tlie lowest ])()int of outflow, and so wifl not draw from the clearest 
stratum exce])t near the* end of the operation. The difference in 



WATER SUPPLY 



at different depths after 24 hours' subsidence or more b, 
not verj- great. To enable tlie sediment to be removed, 
n of the basin sliould lie niaile slightly sloping (1 to 2 per 




■iidint; fii an outlet pate or to a 
by Husliiiijf into it till- ilrain by 
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means of a hose stream, supplied from a high-pressure main. The 
cleaning is done at intervals depending entirely upon the local condi- 
tions, and may be every month or so, or only at intervals of years. 
The longer the mud is allowed to remain the more compact it becomes 
and the more difficult to remove, but the change in compactness takes 
place quite slowly. 

Where the basins are operated on the continuous-flow system 
and the water passes from them directly to the pumps, it is necessary 
to construct a small clear-water or pump well to avoid the necessity 
of too frequent adjustment of the rate of supply to the basins. 

SLOW SAND FILTRATION. 

103. The first filter of which we have any reconl was estal)- 
lished in 1829 for the Chelsea Water Company, of London. The 
chief object of this filter was to remove turbidity, and in this it was 
a success. Its value in improving the water from a hygienic stand- 
point was also appreciated, although the principles underlying its 
action were not understood until some years later. As a conse- 
quence of the good results obtained from this filter, the filtration of 
all river-water supplies of London was made compulsorj' in 1855. 
Within the last fifteen or twenty years the use of sand filters has 
become almost universal abroad wherever surface waters are used. 
In Germany it is made compulsory. In the United States it is only 
very recently that this subject has received the attention that it merits, 
but within the last few years many small cities and several large 
ones have installed efficient filter plants. 

In the slow sand filter the sand bed is constructed in large water- 
tight reservoirs, either open or covered, each having usually an area 
of from \ to 1 \ acres. On the bottom of the reservoir is first laid a 
system of drains, then above this are placed successive layers of broken 
stone and gravel of decreasing size, and finally a bed of from 2 to 5 
feet of sand which forms the true filter. The water flows by gravity, 
or is pumjKMl, upon the filter, passes through the under drains to a 
collecting well, and thence to the consumer. Water containing 
much sediment is usually first passed through settling basins, where 
a large part of the sediment is n^moved. 

As the water filters through the sand, the friction causes some 
loss of head, which gradually increases as the filter l)ecomes clogged 
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with foreign nmttor. Tlie rate of filtration is, however, maintained 
nearly nniforni by snitahle regulating devices which van- the head 
according to the resistance. When the working head has Reached 
a certain fixed limit of a few feet, the water is shut off, tlie filter 
drained, and the surface cleaned by removing a thin layer of clogged 
sand. The operation is then resumed. Before the thickness of the 
sand layer becomes too greatly reduced, clean sand is added sufficient 
to restore the filter to its original depth. 

Besides the method of construction, the chief characteristic of 
this system of filtration is the slow rate of operation, usually not 
exceeding 2 or 3 million gallons per acre per day. 

The chief features to consider in this form of filter are the proper 
construction of sand bed and drains, the rate of filtration and its 
regulation, the loss of head, cleaning of beds, washing of sand, and 
the control of the operation by bacteriological tests. 

104. Rate of Filtration. In the design of a filter plant the 
first question to be settled is the rate of filtration which shall be 
adopted. The higher the rate the less the area required and hence 
the less will be the first cost ; but the cost of operation is not greatly 
affected by the rate. In gtmeral high rates of filtration will give less 
efficiency than low rates, but until the rate exceeds a certain amount 
the difference in efficiency is small. 

Rates of filtration are in this countrj- usually stated in terms 
of gallons per acre per day or j)er hour. The experience of European 
works has resulted in the adoption of a rate, for most places, of 
between 2 and 3 million gallons per acre per day, but in this countrj' 
somewhat higher rates have l)een favored. Probably 3 or 4 million 
gallons is as high as it would in general l)e advisable to go in the 
design of a new plant. If subsecjuent oj:)eration shows that a higher 
rate can be adopted with efficiency and economy, the fact can he 
taken advantage of as the demand for water increases. It should 
not be overlooked that there may be cases, where, with a moderately 
polluted water, all the practical l)encfits of filtration can l>e secured 
at rates much higher than are usually employed. Each case demands 
independent consideration in order that the best and most economical 
solution may be arrived at. Sudden changes of rate are apt to pro- 
duce disturbances in the filter and to give a reduced efficiency. In 
practice, absolute uniformity of operation is unnecessarj-, but sudden 
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(•haiigc\s ill rate sliould he avoided, and especially any large increase 
alx)ve the normal. 

105. Capacity. The standanl rate having Ixvn detennined, 
the recjuireil net working capacity will l>e etjual to the maximum 
rate of delivery divided by the assumed rate of filtration. To econo- 
mize area and to avoid rapid changes in rate, a clear-water reservoir 
should be provided. The \yest size for this will depend on local 
conditions, but it will usually be desirable to have it of sufficient 
capacity to equalize the demand throughout the day. It will then 
\ye necessary to vary the rate of filtration only to accord with the 
daily variations in consumption. In section 6 it was shown that 
the maximum daily rate of c*onsumption is likely to be about 150 
per cent of the average, and with a clear-water reservoir of the 
capacity mentioned above, the filters must be designed to deliver 
at this maximum daily rate. 

In addition to the area as above found, a reserve area for cleaning 
must l)e provided. For small works this will be one bed; for works 
containing several beds it will be necessary to allow one bed for each 
5 to 10 beds, depending on the frequency of scraping and the time 
required for putting a filter into operation after cleaning. The proper 
size of beds is chiefly a question of economical construction. The 
larger the beds the less the c*ost per acre, but the greater will be the 
area out of servic*e in the one or more reser\'e beds. Ortlinarily the 
size for a considerable numl)er of beds is from 1 to 1.5 acres for open 
beds, and from .4 to .8 acres for covered beds. For small total 
areas of .5 to 1 acre three beds would ordinarily be used, and for still 
smaller areas two beds. The economical number can in any case 
be determined by comparative estimates, but under ordinary con- 
ditions the number should be about as follow\s: 

For a total area of 1 acre 3 to 4 beds. 

3 " 5 ** 6 " 
»i i< it /> *i T^^in ** 

Filter l>eds are usually made rectangular in form and arranged 
side by side in one or two rows according to the number. In general 
construction a filter basin is built in a way similar to small distrib- 
uting reservoirs. (See section 76.) Earth embankments for the 
sides are cheaper than masonry walls, but require more ground. 
If the filters are covered, masonry walls are usually employed. Partic- 
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ular care must be taken to render the basin water-tight l)oth on the 
bottom and at the sides. (Vaeks in (Hvision walls art* hkclv to admit 
unfiltered water to the under drains and should be especially guarded 
against. 

The depth of open filters is made only sufficient to contain the 
necessary depth of filtering materials and water, as explained subse- 
quently, and still have a margin of 2 or 3 feet from the water surface 
to top of the embankment. This will give a total depth of 9 or 10 
feet. In closed filters the distance from top of sand to cover must be 
sufficient to give head room for workmen when cleaning the filter, 
a distance of about 6 feet. 

Covers for filters are constructed of the same general form and 
arrangement as described in section 78. Masonry or concrete 
vaulting is usually employed, although w^ood has been used; but the 
latter does not afford as good a protection from freezing or from sum- 
mer heat. Admission for workmen is provided by a gangway leading 
from an opening at a point where the vaulting is raised. Walls and 
piers should be built with small offsets near the bottom in order to 
insure good filtration at that point. A covered filter is illustrated 
in Fig. 33. 

The principal reason for covering filters is to avoid the difficulties 
connected with the operation of open filters in winter. To clean 
filters when covered with ice is a troublesome and expensive operation, 
requiring the removal of the ice or the use* of special methods giving 
inferior results. If the filters are drained for cleaning, trouble also 
arises from the freezing of the sand. The cleaning of beds is thus 
not likely to be done as promptly as desirable, and the result of winter 
operation will be a decreased effective area and a lowered efficiency. 
Whether covers should be used depends upon the extent to which 
ice will form, the frequency of the occurrence of thaws which will 
enable a filter to be properly cleaned, and the length of time between 
cleanings as determined by the character of the water. 

106. Filter Sand. Experiments show that verj' fine sand is 
considerably more efficient in removing bacteria than ordinary or 
coarse sand, but within the ordinary limits of size there is but little 
difference in efficiency. The finer sands, however, cause a steadier 
action and prevent disturbances due to scraping; they also cause a 
greater loss of head in the filter, and so make the action more uniform 
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ovrr \\\v filter area. On the other hanil. fine .sancl Jieroiiies c-k^^^eil 
mnnwr than coarse and involves then'fore more expense in cieaning. 

It is (lesirahle that a sand Ix' fairly uniform in grain. If the 
|)aili(l<*s vary ^n»atly in size, it will \)e difficult to wash, and in fact 
will have nuich of the finer particles removed in the process, thus 
increasing the effective size. It is especially importaDt that the sand 
hIioiiIcI he of the same gra^le in all parts of the same filter in order 
that the frictional n»sistancc», and therefore the rate of filtration. 
shall In* nnifonn. In designing a filter it should be noted that the 
sand forms the filtering medium; the gravel serves simply to collect 
the filtennl water with little resistance to flow. There is no object 
in having the main IxKly of sand of different sizes. 

The depth of sand must Ix* sufficient to form an eflFective filter and, 
iM'sides, to allow of several scrapings without renewing the sand. The 
effect of deep ImuIs is similar to that of fine sand in steadj-ing the action 
of a filter, and it has Ix^en clearly shown that the operation of beds 4 
to r> feet thick is not so much affected as that of beds 1 to 2 feet 
thick by such disturbances as variations in rate, scraping of beds, etc. 
A depth of l\ feet is al)out right, with one foot allowed for scraping. 

The d«»|)th of. water on the filter should be sufficient to enable 
the desih*d inaxinnnn head to l)e used without reducing the pressure 
in the* filter 1m»Iow atmospheric; and as the resistance is n^rly all 
Hi thi' surface* of the sand, the depth must be about equal to the 
niaxinnim head to Ik* used in forcing the water through the filter. 
TIm' <lcpth nmst also 1m» gn»ater than the thickest ice likely to form. 
Hcynnd these* limiting depths any increase senses only to increase 
the c\|)e!ise of construction. 

107. Drainage Systems. To collect the filtered water a sys- 
tem of under drains is nec(\ssary. The important points to be con- 
sidered in its design are durability and freedom from derangement, 
and that llie loss of head thert»in shall l)e small. The system of drains 
wsmilly consists of a larger central drain running the length of the filter, 
and bnnicli drains at right angles thereto placed at regular intervals, 
usiudly of S to 12 feet. The central drain may be either of large vitri- 
li<*<| pipe, as in Kig. 10. or of mtisonry. The branch drains are usually 
of I to X-incli round or s])ecial tile, laid with open joints. 

To conduct the water to the lateral drains, coarse gravel an inch 
or two in diameter is filled about the drains and spread in a layer of 
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6 inchfs or morv in deptli evenly over the fl«»r of the filter, or, if the 
bottom of the filter is irregular, it may Ije arrangc<l as slioftii in Fig. 
40. Above this coarse gravel are then placed three or lour layers of 
finer gravel, each successive layer being finer in size, but not so fine as 
to settle into the previously laid layer. The last layer is made fine 
enough to support the sand. The thickness of these layers need be 
only 2 or 3 inches if carefully lai<l, or just sufficient to insure that tbe 
next layer below is well covered. 

The gravel used should be carefully screened and, if dirty, washed. 
It is readily sized by revolving or fi.\e<l screens, using for this purpose 




Section through Main Dra 






Pig. 40. Deulls Of Drains Albans niwr Beds. 

three or four different sizes.- The smallest should have about a -j^g- 
inch mesh, and earh larger size about double the si/^ of mesh of the 
next preceding. A.s a filter becomes clogged the head necessaiy to 
cause filtration at the assumed rate mcrea-ses By allonmg the head 
to increase to a high figure the filter can l>e operated longer without 
scraping and so a .saving in operation effected. On the other hand, 
high losses of head require more pumping, a greater depth of filter, 
and have a detrimental effect in compacting the sand. A maximum 
loss of heaii of 4 or 5 feet may be taken as good practice. 
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108. Arranji^ement of Inlet and Outlet. Water is ad- 
mit t<*(l to tlir liltrr tliroii^li u sin^^le branch main at alxiut the level of 
\\\v .siirfa<*<* of the sjuhL The flow is iisuallv contruUetl hv a valve 
o|M*rat<*<l hy a float, so as to maintain the water in the filter at a eon- 
slant level. A gate valve is [)n)vide<l in aililition, to enable the water 
to Ix* eompletelv shut off at anv time. If the water level on the filter 
is ke[)t constant, the rate of filtration must l)e regulated, as the filter 
iHfComes <'logged, by lowering the water level or reducing the pres- 
sure at the outlet. In the older filters no arrangement was provided 
for r(»gulating each filter independently, but each was connected to 
the clear-water w(»ll by a short pipe fitted with an ordinary- valve. 
'^Hie hviul on all filters was consequently always the same, except as 
it miglit Ih» controlled by throttling at the valves. The effec-t of un- 
ci] ual hea<ls on the rate of filtration, where some of the filters might 
\h* fn»shly clean(*d and others ba<lly cloggecl, can reailily be imagined. 

The n»gulation of head rcTjuires, first, some form of measuring 
device, such as a w(»ir or orifice, by which the rate of filtration can be 
ascertainecl at any time by floats and indicators; and, s<*cond, the con- 
trolling of the head on this weir or orifice either by hand or automat- 
ically. Floats are also n»quirt»d to show the level on the filter and the 
heiul in the nuiin drain, the difference* of which is the working head on 
the filter. The apparatus for regidation i.s placed in one or more 
chambers with which the main drain of the filter connects. 

Automatic regulators for delivering water at a constant rate are 
in US4' ill a number of places. They usually consist of a weir in the 
foruj of a telesco[)ic tuln* whicli is supported by means of a float in the 
cliamlwr crjnnecting with the under drain. By adjusting the float, 
the edge of the weir can Ih» maintained at any desirecl distance l^elow 
the water suifacc. Besides the inlet and outlet pipes, a drain pipe 
nnist be pn)vided through which the water may be drawn off. This 
is usiiallv cormccted with the chaml)er into which the main drain 
opens. An overflow pijK? is also necessary to provide against any 
failure r)n the j)art of the inlet regulator. This connects with the 
drain pipe. 

Armngcnients should be ma<le for wasting the filtered water in 

CHM- it .should Ix' necessary, also for drawing off the water from above 

" ^Uor down close to the sand layer in order to save time in emptying; 

f^ilities should be provided for sampling water from various 
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points in the system. By-[)iisses should be provided to enable either 
settling basin or filters to l)e cut out if necessity arises. For furnish- 
ing water for sand-washing and various purposes, connection must 
be made with high-piessuix? mains. 

109. Cleaning: Filters. When a filter has l)ecome clogged 
and has reached its highest allowable loss of head, it is drained and 
then cleaned by removing by means of broad thin shovels a layer of 
clogged sand from J to 1 inch in thickness. The surface is then 
smoothed with a rake. The sand is removed from the filter by means 
of wheelbarrows or small cranes, and deposited at a convenient point 
where it is cleaned after a considerable quantity has accumulated — 
or is wasted in case it is cheaper to use new sand than to clean the old. 
After scraping, the filter is filled, preferably from below, with filtered 
water until covered 2 or 3 inches deep; then raw water is run on to 
the usual depth, and the filter again started into action. At intervals 
of a year or so, and before the layer of sand has been reduced below 
a desirable minimum thickness, the l^ed is restored to its original 
depth by the addition of clean sand. After cleaning and filling, 
the filter should be started slowly and gradually. The sand that 
has been removed is allowed to accumulate until it is desired to replace 
it in the Ijed. Before replacing it, however, it is wa^shed to free it of 
the accumulated sediment. Various eflFective devices are employed 
for this washing operation. 

110. Control of Filter Operations. The most accurate way 
in w^hich to control the operation of filter plants is to subject 
the water to a bacterial examination. This should be made at fre- 
quent intervals so as to note any possible changes in quality. The 
ex[)erience with European filter systems has shown that an impair- 
ment in quality has not infrequently been detected in time to prevent 
outbreaks of disease. In the larger filter plants, a bacteriological 
laboratory should be installed, and daily tests of the effluent made. 
The filter beds should l^e arranged so that the effluent from each can 
be tested separately, and provision made so that the filtered water 
can be rejected fmm any one filter if not up to standard. The care- 
ful control of the operations is a matter of great importance. In 
testing filters as to their efficiency, samples shoidd he collected at 
periods when the effluent is likely to be the least favorable, as during 
frost periods, heavy rains, and periods of greatest consumption. 
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111. Results of Filtration. The niost ap|>arent result of 
filtration is in the rtMiioval of all the sus|KMHle<l matter in the water; 
hut inoR* iinjK>rtant than this, a sand filter will remove verj' nearly 
all the bacteria originally present in the water. This is specially 
exemplified in the reduction of the deathrate from tj-phoid fever 
following upon the installation of a filter plant. But to secure con- 
tinually gmx I results it is essential that such works as filter plants lx» 
under efficient contn)!. 

RAPID FILTERS. 

112, The Rapid, or as it is often called, the Mechanical Filter, 
is a form of filter designed to accomplish results in the way of purifi- 
cation comparable with those obtaine<l by the slow sand filter already 
discusse<l, but with a much smaller sand area. It is like the sand 
filter in that the filtering material consists of a bed of 2 to 4 feet of 
sand or crushed quartz, but in other respects tlie construction and 
operation are widely different. The chief points are the verj' rapid 
rate of filtration (100 to 125 million gallons per acre per day), the 
use of a coagulant to aid in filtration, and the manner of washing the 
sand l>ed. Methods of operation and mechanical details are, to a 
large extent, covered by patents, and the filters are manufactured 
and sold by various filter companies. 

Brieflv. the filter consi«tts of a wooden, steel or concrete tank in 
which the filtering material is placed and supported on a system of 
screens of various designs. In some forms the tanks are open and 
oj^erated by giavity, and in others are closed and operated by pres- 
sure from the pipe system. When the filters l)ecome clogged through 
the accumulation of sediment on the surface, they are washed bv 
forcing water in a reverse direction through the sand. 'During this 
process, the sand is, in most cases, agitated by means of mechanical 
agitators reaching deeply into the sand layer or by means of com- 
pressed air. 

Two well-known types of filters are illustrated in Figs. 41 and 
42. In the first, the water enters the settling chaml^r at the bottom, 
passes up through the central tul)c to the top of the filter and thence 
downwards through the sand to the collecting pipes located between 
filter and settling tank. Where a coagulant is used it is introduce<l 
before admission to the filter bed. The figure shows the agitators 
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vhidt ate operated when the fiher b washed. When not in use thcT 
atv rabed out uf (hr »ihI. Tbe «-asli valer pSAsea tiff cm all ailrs 
over the top of the inner laiiL In tlir utiter i^i'pe Ibr smiiitf; tank 
is not connected with the filter. No agitators are uaed; but to kxusru 
the sand air U passed ihnnigli ihr bed from below. In tMiih fumi^ 
shovn the filtralion h h\- gTB\-ity. The Warreti filter U anutber 




t_v[>e commonlj- employed. It use.s agitators likf the Jewell, but 
the sellling tank Is (llsconiifittil from the filter. 

113. Principles of Operation. The action uf mechanical 
lilters is somewhat unlike thai of saiiil filters, although the results 
are not greatly differenr. The effetl of a coagulant in gathering the 
sediment into relatively largt- masses has been explained in section 
101, It aids filtration in this way and also forms a substitute for 
the organic coating on the sand grains and on the surfa<« of the 
tmiinary sand filter. It is the use of the niagulant which eniiWes 
such high velocities to Iw employed. To avoid ti»o frequent washing, 
il Is common to emphiy heads as high as 10 to 12 feet, but with sucli 
high heads and velocities the sand l>ecomes clogged lo a coiisiilcridile 
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depth. The methods uf washing, however, enable this seditn 
to be readily removed, 'i'he interval l)etiirefii wu.shiiigs, i.e., ibeM 
"run," is 24 hours or les.s, and the operation of washing requires'l 
about 15 to 20 minutes. 'V\w amount of wash water nserj is com 
nionly from 2 to 5 per cent of the applied water, which fact must I 
con.sidereri in determining the gnxss t-apacitv of the plant. Cmsdie* 
(|iiart/. is often used fur tlie filtering niuteriul, hot onlini 
would prohalily <io tus well if uf very uuifonn grdin mi its not to I 




carried away iji lU uu.-iin.^ p;.., i...... 1 hi . ..a^'iiiunl employed im 

usually sulphute uf alumina, but common alnni i.s sometimes used.^ 
The relative merits of these and some other coagulants have Iw 
di.scussed in section 101. Ferrous sulphate is also employeil as a 
nmgutant with goixl results. Rapid filter plants were fomierf) 
installed by the cumpanies who manufactured the mechanical devic* 
but some verj' complete plants have lately lieen designed anti coi> 
Htructcd under tlie supen-ision of consulting engineers. In this 
some of llie patented forms of strainers have Ix-en udopteit and t 
other details been designed by the engineer in charge. 
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In most of the early plants rapid filters have been adopted with 
particular reference to the removal of turbidity or color, but in some 
of the more recent plants the elimination of bacteria has been the 
chief object. 

Extensive experiments with rapid filters indicate that when they 
are properly operated, turbidity can be practically all removed, a 
large percentage of color, and a considerable portion of dissolved 
organic matter. With the quantities of coagulant ordinarily used, 
they are probably sUghtly less efficient than sand filters in the removal 
of bacteria. In some places satisfactory clarification is obtained 
without a coagulant, but for good bacterial results a coagulant is 
necessarj'. 

To obtain uniformly good results with economy requires very 
careful operation. The coagulant must be closely regulated to 
correspond with the quality of the water; in the case of waters low 
in alkaHnity this is particularly necessarj'. The efficiency depends 
so entirely upon the control of these matters that the proper operation 
of a mechanical plant involves greater care on the part of the attend- 
ants than that of a sand filter. It is fully as important in this case 
also that the whole plant should be under the control of bacteriologi- 
cal tests, regularly and frequently made. Many points of operation, 
such as period between washings, wasting of water, thickness of 
sand layer, and l>est kind of sand, can be learned only after expe- 
rience in the light of such analyses. 

Considering the economic advantages of mechanical filters, it 
may be said that they are especially adapted to those cases where the 
cost of land is high, where the water is so turbid as to require large 
settling reservoirs with a sand filter plant, and in small plants where 
the unit for sand filters would be very small. They are also well 
adapted for the rapid removal of iron from ground waters or 
of the precipitate in softening plants. On the other hand, if 
the total annual expense of sand filters and mechanical filters 
is equal, the evidence points to the desirability of adopting sand 
filters, especially for sewage-laden waters, but the difference in 
efficiency is not great enough to warrant any considerable addi- 
tional expens(». With very turbid waters both systems are likely 
to prove unsatisfactory unless supplemented by adequate set- 
tling basins. 
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OTHER METHODS OF PURIFICATION. 

114. Aeration. Aeration of a water, or the bringing of the 
water into close contact with the air, is useful in certain cases. It 
will have little or no effect upon organic matter present, but it does 
have a ver}' important action in the case of waters coming from 
stagnant ponds and reservoirs in which putrefactive changes have 
taken place. Such waters will liave offensive odors and tastes, due 
to the dissolved gases contained, and it is in the removal of these 
gases that the proc(\ss of aeration can l)e successfully applie<l. It 

has iK'en so use<l in a largt* number of cases. ,^ 

Aeration may \w acconrplished by forcing air into the mains, ^ 
or by passing the water over cascades or weirs, or by spraying it ' 
from a fountain into a rc\servoir as is done in many places, or by still 
other methods. The l>enefit of aeration explains why a well water 
raised bv buckets is more commonlv frei* from l)ad tastes and odors 
than where a pinnp is ustnl, although such odors and tastes are not 
in themselves dangerous to the health. 

115. Softenins: Water. Water is rendered hard by the pres- 
ence of lime and magnesia, chiefly in the form of carbonates and 
sulphates, but occasionally as chlorids and nitrates. The carlK)nates 
cause so-<'alle<l temporary' hardness (n»movable by boiling), while 
the sulphates and other compounds cause permanent hartlness. 
In using ^v hanl water for washing puqxises approximately 2 ounces 
of soap are neutralized or wasted for each 100 gallons of water for 
each grain j)er gallon of calcium carbonate or its e(juivalent. In 
boiler use the carl)onates of lime and magnesia are precipitated, 
forming a deposit which can usually be removed by blowing out, 
unless accompanied by scale-forming substances. Sulphate of 
lime precipitates at high temperatures and forms a verj' hartl, objec- 
tionable scale, particularly if the water contains other suspended 
matter. The softening of water is therefore of great economical 
importance. 

The softening of water is accomplished l)y simple pnK'esses of 

chemical precipitaticni. To rt^move the carl)onates, lime is used iis 

tiie precipitant. The carl)onates are held in solution chiefly by 

Yurtue of the carbonic acid dissohtnl in the water, and on adding 

me the acid unites with it, forming carbonate of lime. In the case 

hardness due to the carbonate of lime the reaction is 
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CaCO, + CO, 4 Ca(OH), =- 2CaCO, -r HX). 
'llif resulting <ar!ionatf is imw Init slightly soliilik- iind m) pntip- 
itatcs out. 

'l^ie Ca<'(), (linn- ciiHwiiut.-) ami tlif CO, ((.JirlHiiiii' ucijj urc 
present in the water; (lie Ca(OII)., ordinarj- Urae. is the c-lieniical 
atltled. 

'I\> remove the sulphate, sotliuui earboiiate (NajCO,) Is used. 
The rt-actiun is 

CaSO. -r Na.CO, = CaCO. ^ Na,S(_).. 
The Liirbonate of lime precipitates out as before white the sodium 
sulphate (Na.^SO.) is not especially objectionable. Various methyls 
of carrj-ihg out tlie details of the process, relating principally In the 
applicHtiun of the chemical and the removal of the precipitate, have 
l)cen devisfil. These are known under varion.s names, but ihe 
genera! principle is the same in all. TTie lime is usually added in 
tile form of lime water, a solntioii of slaked Hme in water. 

In }j;cueral llie water to be treate<i is run into large (auks, the 
chemical addrd and then the precipitate atloweil to settle ns far as 
practicable. The water is then drawn off and the remaining pre- 
cipitate rt'raoved by rapid filtration. In purifying wux^v for boiler 
use the precipitate can be removetl to a sufficient extent by Ihe usv 
of settling tanks alone. The chemicals used are lime and usually 
soda ash, or cnnle sodium carbonate. The cost for such small 
plants is reiwrted to lie from 4 to 1.5 cents per 1,000 gallons. 

Many scale preventiv-es hav been proposed for use in boilers, 
but probably the l>est in general use is sodium carbonate. Tliis breaks 
up the sulphates as previously shown, and thus prevents the formation 
of a hard deposit; but the precipitation of the carbonates is increased 
by the procrss. Thft sodium sulphate remains in solution, but should 
not be allowed to concentrate too greatly or it will cause foaming. 

116, Domestic Filters. Frecjuently it is advisable to piiiity 
water supplies for household use. For this purpose a lai^ number 
of different filters have Ix^n devised, but many of these are so in- 
(■ffirient as to Im" woi-se than u.seless; for it not infrifinently happens 
that the jwssession of a tiller lulU the con.sumiT into a .state of false 
security. The be.st of these filtei's suitable for household use are 
those that are ma<le of ungla/^l porcelain fPusteur filter) or fine 
;nfnsoriid earth iBcrkefeld fillerl. Both of these filters deliver a 
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wholly gerni-frtt* filtrate wluii they are first put in seniee, hut luiless 
close attention is given them they sooner or later lose this property, 
(lenerally sjH*aking. thest* filters should Ik* cleaned and sterilized in 
lM>iling water or in steam under [)ressure once a week in onler to kill 
out the germ life that has found Kwlgment in the jwres. In this way 
not onlv is the sterility of the filtrate maintaine<K hut the vield of 
filtered water is increascMl. 

Fihers of this class are not often uschI for numicipal purifi(*ation, 
but are adminihly adapted for schools, garrisons, prisons, or hotels 
as well as for [)rivate ust\ 

Other ty|K's of household filters, such as those* constructed of 
pon)Us stone, chan-oal, or jisbestos, have Ihxmi on the market for 
many years. Judgc»d from the [>opular standpoint of purity, which 
is generally the pnKluction of a clear water, many of the filters would 
l>e R*ganled as ()uite satisfactory', hut as a means of removing genu 
life they possc»ss for the most part but little merit. 

Another metluxl on which even grtniter n^liance can l)e placed 
is the use* of heat. There* an* no pathog(*nic bacteria that art* liable 
to Ik* distributed by the way of the water supply that are able to with- 
stand the influence of boiling water for a pericKl exceeding 10 to 15 
minutes. Cholera and typhoid succumb in ') minutes or less. In 
case of sudden outbrt*aks of dis(*iisc* or tem|)orarj' disturbance of 
installed water suppli(*s, this mctluKl can always be relied on with 
|)erfect safety. Boiling d(H*s not, however, render |X)table a water 
containing large* amounts of organic matter, although it may destroy 
the disc^ase* ge*rms that mav be therein. Bv distillation a water can 
Ik* obtained free* fn)m elissolved matter as well as bacteria. This 
pn)ce*ss is e'xte'usively use*d on shipboard to obtain potable water fn)m 
sea water, and in a few plae*e*s on the se'ae*oast fe)r similar puqx)se*s. 
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